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Abstract 
Reactions that occur at the cell membrane are varied and critical for many biological 
functions. When soluble proteins interact with the cell surface, the crowded and complex 
environment can act as a signaling mechanism and influence blinding and activity. Parsing out the 
components of the membrane that influence binding is a time consuming process. There are many 
different types of lipids, small molecules, and glycans that can influence binding on their own or 
in conjunction with one another. An ideal system to determine protein-lipid and protein-membrane 
protein interactions in an efficient manner requires a good membrane mimic that can be 
multiplexed to allow for high throughput analysis of the interactions of interest.  
This dissertation focuses on the development of such a high throughput method to study 
soluble protein interactions with lipids and membrane proteins and the application of that method 
to study protein-lipid interactions that govern the blood coagulation cascade. To accomplish this, 
nanodiscs were integrated with silicon photonic microring resonators. Nanodiscs are easy to 
assemble, nanometer scale lipid bilayer discs which offer a high degree of control over lipid and 
membrane composition. Each nanodisc is held together by two membrane scaffold proteins that 
can be used as a handle for attachment to surfaces without the need to modify the lipids or proteins 
of interest. For high throughput capabilities, these have been interfaced with silicon photonic 
microring resonators. The microring resonator system can independently monitor binding 
interactions in real time at the surface of each of the 128 microrings on the sensor chip.  
Three ways of creating nanodiscs arrays were explored. First, taking advantage of the 
nanodiscs’ innate ability to physisorb to the silicon oxide surface of the sensor chip, nanodiscs 
were spotted onto the rings. With this technique, arrays of up to nine different nanodiscs were used 
to obtain the KD and koff values for proteins of the blood coagulation cascade. Because the protein-
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lipid interactions were determined using the same conditions and same nanodisc array, protein 
binding constants could be compared directly. The second and third methods for creating nanodisc 
arrays took advantage of the MSP as a handle which could be expressed with peptide tags (e.g. 6X 
HIS or FLAG tag) or with an exposed cysteine that could be modified with a chemical tag. From 
these trials, it has been shown that antibody attachment via small molecule tags on the MSP and 
DNA attachment via DNA modified nanodiscs offer the most promising avenues for expanding 
the nanodisc multiplexing toolkit.  
The work presented within offers a platform for the facile and high throughput study of 
protein-lipid and protein-membrane protein interactions. The application of these techniques to the 
study of protein-lipid interactions of the blood coagulation cascade has showcased the strength of 
our technique and provided unique insight into the lipid dependence of membrane binding proteins 
of the clotting cascade.   
 
iv 
 
Acknowledgements 
Throughout my time in graduate school, I have been fortunate to work with many talented 
and supportive people. First I would like to thank my advisor, Professor Ryan Bailey, for being 
available to answer all my questions and for helping me become a better and more confident 
scientist. I would like to thank my committee members, Professor Jim Morrissey, Professor Scott 
Silverman, and Professor Paul Hergenrother for their advice to help me become a better researcher 
and presenter, especially Professor Jim Morrissey for the insight he provided on the collaborations 
between our labs. 
I am appreciative that many of my projects during my time at UIUC were collaborations. 
Ivan Lenov, Josh Gajseiwicz, Yan Wang, and Gwendolyn Humphreys were always exceedingly 
helpful and knowledgeable. They made work more fun and even if we didn’t publish together, I 
am grateful for the time I spent working and learning with them.   
I also learned and laughed a great deal with my lab mates. Our lab, while chatty at times, 
was always a place that I felt comfortable asking questions and discussing science. I would 
especially like to thank Dr. Courtney Sloan and Zach Weirsma. Courtney was not only an excellent 
teacher when she trained me on the nanodisc project but her beautiful lab notebooks and 
organization will always be an inspiration to me. Zach joined me in the nanodiscs subset of the 
Bailey lab. His motivation and can do attitude always gave me confidence.  
 I have also made many wonderful friends during my time here that were there to celebrate 
the good and motivate me through the bad. I will never forget the weekly dinners with Jahnabi and 
Jessie or the lazy nights watching bad movies with Rory, Dan, and John. I also found unconditional 
love in my dog, Beaker, who thinks I am the best person in the world. Finally, I would like to thank 
v 
 
my parents. Without them I would not be who or where I am today. They always made time to talk 
and my mom’s words of wisdom about graduate school became my mantras. I will never be able 
to thank them enough for everything they have given me. 
vi 
 
Table of Contents 
 
 
 
 
 
Chapter 1: Introduction and Background .............................................................................1 
Chapter 2: Facile Characterization of Coagulation Protein Binding to Variable 
Lipid Content Nanodiscs Using Multiplexed Silicon Photonic Sensor Arrays  ..............7 
Chapter 3: Phosphatidylethanolamine Synergizes with Phosphatidylserine to Improve 
Binding of All Seven GLA-Domain Containing Proteins of the Blood 
Coagulation Cascade  .......................................................................................................45 
Chapter 4: Development of Nanodisc Arrays on Silicon Photonic Microring 
Resonators via Antibody and DNA Attachment Schemes ..............................................66 
Chapter 5: Future Directions ................................................................................................82 
1 
 
Chapter 1 
Introduction and Background 
1.1 Analysis of Interactions at the Cell Membrane: Blood Coagulation 
The cell membrane is a key biological interface where many important reactions take place. 
These include cell-to-cell signaling, endocytosis, ion transport, and blood coagulation as well as 
many others. In these processes, soluble proteins and small molecules interact with components of 
the cell membrane such as imbedded proteins or phospholipids. Analysis of protein-lipid and 
protein-membrane protein interactions could provide valuable insight into processes that occur at 
the membrane surface but there are a number of technical challenges associated with analyzing 
protein-membrane interactions. The cell membrane is a complex environment which includes a 
variety of membrane proteins, phospholipids, glycolipids, and small molecules. The distribution 
of the membrane lipids and proteins creates distinct regions of activity1,2 and the disruption of 
these regions creates signaling pathways that lead to functions such as the clearance of apoptotic 
cells3 or formation of blood clots.4 Each component of the membrane can influence binding and 
reaction rates. In addition to complexity, solubility is a major concern. Membrane proteins and 
lipids are not soluble in aqueous solution once removed from the membrane, making them difficult 
to study using traditional aqueous biochemical binding assays. Detergents can be used to solubilize 
membrane proteins and lipids but can hinder reactivity and binding.5,6 Various alternatives have 
been explored, including liposomes, amphipols, supported lipid bilayers and nanodiscs. 
The blood coagulation cascade clearly demonstrates the influence of the cell membrane on 
a critical biological function. Clotting is initiated when damage to endothelial cells exposes the 
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integral membrane protein tissue factor (TF) to the blood stream. Once exposed, activated factor 
VII (fVIIa) binds to TF, forming the TF-VIIa complex, which goes on to activate factors IX (fIX) 
and X (fX) through cleavage of short peptide sequences. The series of cleavage reactions continues 
in a domino-like fashion until a clot of mainly fibrin polymer and activated platelets forms. Many 
of the reactions involved in this cascade occur on the membrane surface and are influenced by the 
lipid environment. Previous work,4,7,8 has shown that the KD of fVIIa binding to tissue factor 
significantly decreases as the local concentration of PS lipids is increased. The decreased KD 
corresponds to an increase in reactivity of the TF-VIIa complex. fVIIa’s interaction with the 
membrane surface is governed by its GLA domain, which is a region that is rich in γ-
carboxyglutamates. Six other clotting proteins, three procoagulant [fIX, FX, and prothrombin 
(PT)] and three anticoagulant [protein C (PrC), protein S (PrS), and protein Z (PrZ)], also bind to 
the cell membrane through GLA domains. While the GLA domains are very similar,9,10 they 
exhibit different affinities for phospholipid, which in turn affects their activity.11 
To determine the binding constants of protein-lipid interactions, titrations of increasing 
protein concentration are required on membrane mimics that contain varying concentrations of the 
lipid of interest. An ideal system to study protein-lipid and protein-membrane protein interactions 
would include a membrane mimic that can solubilize and isolate the targets of interest. This in 
combination with a method for high-throughput analysis could provide a wealth of information on 
protein-lipid and protein-membrane protein binding. The research described here has focused on 
the integration of nanodiscs with silicon photonic microring resonators to create a high-throughput 
method for studying protein-lipid and protein-membrane protein interactions with an emphasis on 
achieving a better understanding of how the native lipid environment affects binding in the blood 
coagulation cascade.  
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1.2 Nanodiscs 
Nanodiscs are discoidal lipid bilayers constrained by 2 membrane scaffold proteins (MSP) 
that were developed by the Sligar lab.12,13 Their diameter and thickness can range in size depending 
on the length of the MSP used, the lipid composition, and whether there is a membrane protein 
incorporated. They are easily assembled with low polydispersity14 and allow a high degree of 
control of protein and lipid stoichiometry.15,16 Once formed they are stable in aqueous solutions 
without the need for detergents, and imbedded membrane proteins retain their activity. Due to their 
small size and ease of assembly, they are the perfect candidate to create a high degree of control 
over lipid and protein composition. It was shown that nanodiscs could be made in ratios from 10:90 
phosphotidylserine (PS):phosphotidylcholine (PC) lipids to 90:10 PS:PC lipids with very little to 
no aggregation.7 This is in stark contrast to liposomes which tend to aggregated in the presence of 
Ca2+ at high PS concentrations.17 The aggregation is hypothesized to be due to the formation of 
lipid rafts on the much larger liposomes, creating a higher local concentration of PS lipids. The 
formation of PS lipid rafts also affects the determination of binding constants. KD determined for 
activated fVII (fVIIa) proteins binding to nanodiscs of 80-100% PS is approximately equal to those 
obtained for liposomes of 30-40% PS, allowing nanodiscs to provide higher sensitivity for 
determining a protein’s binding dependence on a given lipid. 
1.3 Silicon Photonic Microring Resonators 
In order to create a high throughput method for analyzing protein-lipid and protein-
membrane protein interactions, nanodiscs were integrated with the silicon photonic microring 
resonator system. Silicon photonic microring resonators are a refractive index based technique that 
allows monitoring of binding at the surface of the sensor chip in real time.18 In previous work, 
microring resonators have been used for the detection of biotoxins,19 biomarkers of diseases 
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including nucleic acids20-22 and proteins,23-25 and determination of binding constants.26 Each sensor 
chip has 128 individually addressable rings which are organized in clusters of four.23 To monitor 
binding at the ring surface light is coupled into a wave guide that runs next to the ring of interest 
and swept through a narrow spectral window. The transmission of light is monitored and when the 
wavelength of light fulfills the resonance condition shown below, the light is able to couple into 
the ring and a drop in transmission is seen. The resonance requirement is described in the following 
equation: 
𝑚𝜆 = 2𝜋𝑟𝑛𝑒𝑓𝑓 
where m is an integer, λ is the wavelength of light, r is the radius of the microring, and neff is the 
effective refractive index. Since the radius of the microring remains constant, changes in the 
effective refractive index at the surface of the rings are responsible for shifts in the resonant 
wavelength. As a target of interest binds to its corresponding capture agent on the microring 
surface, buffer is displaced and the effective refractive index shifts, in turn changing the resonant 
wavelength. The output is reported as change of wavelength over time. The output can be used to 
calculate concentrations of the analyte of interest or binding constants of the interactions being 
monitored. Separate binding curves can be collected for all 128 rings individually during a single 
run creating the opportunity for multiplexing. 
1.4 Project Goals: Integration of Nanodiscs and Silicon photonic Microring Resonators 
Work performed by Sloan et al. showed that nanodiscs could be integrated with the 
microring resonators.27 Online fluidics were used to flow nanodiscs across the surface of the 
sensor. They were able to physisorb onto the silicon oxide sensor chip surface without modification 
of the sensor chip or the nanodiscs. Using specialized fluidics, up to four different types of 
nanodiscs could be loaded on to the sensor chip and specific binding to the lipids or membrane 
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proteins imbedded in the nanodiscs was obtained. These results were very promising but did not 
take full advantage of the multiplexing capabilities of the silicon photonic microring resonators.  
Chapter 2 discusses the preparation of multiplexed arrays of nanodiscs through spotting. 
Harnessing the nanodiscs’ innate ability to physisorb to the silicon oxide surface of the sensor chip 
allowed for a facile method of nanodisc attachment. The arrays were then used to analyze the 
binding of fVIIa, fX, activated PrC (APC), and PT to nanodiscs of 7 different lipid compositions. 
Chapter 3 applies the spotting technique developed in chapter one to create arrays of nanodiscs 
with mixtures of phosphoethanolamine (PE) and PS to analyze the synergistic effect of PE on GLA 
domain binding. The KD of VIIa, fIX, fX, PT, ApC, PrS, and PrZ binding to PS only and to PS/PE 
were determined. Chapter 4 describes the progress in developing nanodisc arrays through antibody 
and DNA attachment. Chapter 5 addresses initial work and future directions for applying the 
nanodisc/microring system to analyze multiprotein interactions that occur on the membrane 
surface.   
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Chapter 2 
Facile Characterization of Coagulation Protein Binding to Variable Lipid 
Content Nanodiscs Using Multiplexed Silicon Photonic Sensor Arrays 
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2.1 Abstract 
Interactions of soluble proteins with the cell membrane are important to many biological 
processes, including the blood coagulation cascade. Of particular interest to this study are the 
interactions of GLA domain containing clotting proteins with lipids. Variability among 
conventional analytical methods make the comparison of clotting protein-lipid interactions 
difficult. The majority of previous studies have been limited to studying a single clotting protein 
and lipid composition and have yielded widely different binding constants. Herein, we demonstrate 
an enabling combination of lipid bilayer Nanodiscs and a multiplexed silicon photonic analysis 
technology, which allow for many protein-lipid interactions among blood clotting proteins to be 
probed in high throughput. This allowed for the direct comparison of the binding constants of 
prothrombin, factor X, activated factor VII, and activated protein C binding to seven different 
binary lipid compositions. In a single experiment, the binding constants of one protein to all lipid 
compositions were simultaneously determined. A simple surface regeneration then allowed for 
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binding constants for three other coagulation proteins to similarly be measured. As expected, this 
showed that all proteins had tighter binding (lower Kd) as the proportion of anionic lipid increased. 
Interestingly, at high proportions of phosphatidylserine, the Kd values of all 4 proteins began to 
converge. We also obtained koff values for all 4 proteins and while they followed similar trends to 
the Kd values, the variation between the proteins was much lower indicating that much of the 
variation comes from the kinetic binding (kon) of the proteins.   
2.2 Introduction 
The study of complex, multifactorial biomolecular binding interactions using direct 
physical methods, such as surface plasmon resonance, can be a time consuming and complicated 
process that often requires large quantities of expensive reagents. This holds especially true for 
monitoring interactions at the cell membrane surface, which plays a critical role in the regulation 
of important biological processes such as cell-signaling and blood coagulation, the latter of which 
involves protein-protein and protein-lipid interactions, and is of particular relevance to this study. 
Protein-membrane interactions governing processes such as blood coagulation are difficult to 
study due to their multimodal nature, but also because of the complicated environment of the cell 
membrane. The many varieties of lipids, including phospholipids, sphingolipids, and glycolipids, 
as well as small molecules such as sterols and polyketides1 can influence direct binding of proteins 
to the cell membrane or membrane proteins. Therefore, the use of a model membrane system is an 
attractive approach to probing the biophysics of interactions in a more well-defined and simplified 
environment. Among several different model lipid bilayer systems,2-4 Nanodiscs offer many 
advantages for probing biomolecular interactions at membrane surfaces. Nanodiscs are discoidal 
lipid bilayers approximately 10 nm in diameter, held together by 2 membrane scaffold proteins 
(MSPs).3 Their small size and ease of assembly give a high degree of control over lipid 
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composition.5-7 Previous work has also shown that MSP offers a handle-like structure to which 
tags can be attached,8 thereby not interfering with the lipid bilayer. Unlike liposomes, the small 
size of Nanodiscs allows for a wider range of lipid compositions to be probed without 
complications from aggregation.9 The unique versatility of Nanodiscs has been proven through a 
variety of studies, including determination of membrane protein orientation,10 dimer vs. monomer 
activity of rhodopsin,6 and solid state NMR experiments.11 
Silicon photonic microring resonators have emerged as a promising, array-based detection 
technology that has been applied to a number of bioanalytical applications, including the 
quantitation of protein12,13,14,15 and nucleic acid16,17 biomarkers. Notably, the technology has also 
been applied to the determination of kinetic and thermodynamic binding constants.18-20 Microring 
resonators are chip-integrated waveguide structures that support optical resonances, and the 
wavelength of these resonances is sensitive to the local refractive index environment.21 Previous 
proof-of-concept experiments demonstrated that binding interactions between solution phase 
proteins and Nanodiscs immobilized onto a microring array could be probed; however, the nature 
of these interactions was extremely simple.22 
For this study we combined the versatility of Nanodiscs with highly-multiplexible silicon 
photonic microring resonators to study protein-lipid interactions involved in the blood coagulation 
cascade. Many of the key regulatory processes of both thrombosis and hemostasis are initiated 
through the successive action of a series of serine proteases that ultimately leads to the formation 
of a blood clot. Most of these enzymatic cleavage events occur at the membrane surface and are 
strongly influenced by the underlying lipid composition.9,23,24 Of particular interest are the 7 GLA 
domain-containing coagulation proteins, which include prothrombin (PT), factor VII (fVII), factor 
X (fX), and activated protein C (APC). These proteins reversibly bind membrane surfaces through 
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their GLA domains, each rich in posttranslationally-modified γ-carboxyglutamate (Gla) residues 
and containing 7-9 divalent metal binding sites.25-29 Ca2+ is absolutely required for proper folding 
and binding of the GLA domain to membrane surfaces.26 Furthermore, it is well established that 
GLA domains bind anionic phosphatidylserine (PS) lipids but, despite structural similarities, the 
GLA domains of coagulation proteins have affinities for PS spanning three orders of 
magnitude.30,31 Both APC and fVIIa bind poorly to PS-containing membranes; however, these 
proteins have been shown to bind the lipid phosphatidic acid (PA) with much higher affinity.32 
This higher affinity also affects enzyme activity, with APC and fVIIa having greater activity when 
interacting with membranes containing specific mixtures of PA and PS compared to membranes 
with PS alone.32 It has also been demonstrated that other lipids, including 
phosphatidylethanolamine, phosphatidylglycerol, and phosphatidylinositol are able to effectively 
reduce the concentration of PS required to achieve maximal activity. This “Anything But Choline” 
(ABC) hypothesis postulates that any lipids not containing the bulky choline headgroup found on 
PC will synergize with PS and dramatically reduce the PS content required for maximal enzymatic 
activity.23 
Past studies of coagulation protein-lipid binding using techniques like surface plasmon 
resonance (SPR)9,23,32 have yielded important insights into the mechanisms of interaction; 
however, the relatively low throughput nature of the most common configuration of this 
technology (Biacore) presents practical limitations in terms of the number of both proteins and 
lipid compositions that can be evaluated in a reasonable amount of time. Additionally, in order to 
assess numerous conditions using SPR, multiple experimental runs – each consisting of the 
adsorption of lipids, experimentation, and regeneration of the surface – are required, increasing 
experimental variability and reagents used. 
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Herein, we demonstrate the utility of Nanodiscs and silicon photonic microring resonator 
technologies as a platform for the facile and thorough interrogation of protein-membrane 
interactions through the investigation of 28 different clotting protein-lipid interactions—4 clotting 
proteins, each at 7 different binary lipid combinations. Both the absolute values and relative trends 
of equilibrium binding constants were determined. We also find that the coagulation proteins 
investigated—FX, PT, FVIIa, and APC—not only exhibit varying binding affinities for PS and PA, 
but also require differing proportions of these lipids to achieve maximal membrane binding. In 
addition to determining the dissociation equilibrium constant Kd, we report the off-rate constant 
(koff) values for each of the 28 interactions probed. These studies demonstrate the powerful 
biochemical analysis combination of the silicon photonic microring detector platform coupled with 
Nanodiscs to rapidly interrogate binding interactions at model cell membrane interfaces. 
2.3 Materials and Methods 
Materials. Phosphatidylcholine (PC; 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine), 
phosphatidylserine (PS; 1-palmitoyl-2-oleoyl-sn-glycero-2-phosphoserine), and phosphatidic acid 
(PA; 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidic acid) were purchased from Avanti Polar 
lipids (Alabaster, AL). MSP1D1 was expressed in E. coli and purified as described previously.3 
fX, PT, and APC were purchased from Enzyme Research Laboratories (South Bend, IN). 
Recombinant human factor VIIa produced in mammalian milk was generously provided by rEVO 
Biologics (Framingham, MA). Amberlite XAD-2 hydrophobic beads and all other chemicals were 
purchased from Sigma Aldrich (St. Louis, MO) and used as received, unless otherwise noted. 
Buffers were prepared with 18.2 MΩ deionized water and sterile filtered prior to use. 
Solution preparation. Nanodisc solutions were prepared in a TBS buffer (20 mM Tris-HCl, 
100 mM NaCl, and 0.01% (w/v) NaN3, pH 7.4). Clotting protein solutions were made in TBS 
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buffer with 2.5 mM CaCl2 added. All clotting protein solutions were prepared in a HEPES buffer 
(10 mM HEPES, 150 mM NaCl, 50 μM EDTA, 2.5 mM CaCl2, 0.1% (w/v) PEG 8000). Solutions 
of fVIIa and APC also contained 0.2% (w/v) BSA, pH 7.4. The HEPES rinse buffer (HEPES(-)) 
for surface regeneration was made without CaCl2. 
Nanodisc preparation and purification. Nanodisc preparation and purification has been 
described in detail previously.3-5 Briefly, lipids solubilized in chloroform were measured into test 
tubes and dried under nitrogen. For Nanodiscs containing mixtures of POPS and POPC, or POPA 
and POPC, the lipids were mixed at appropriate ratios prior to drying. After drying, lipids were 
placed in a lyophilizer, under vacuum for 60-90 mins. Once completely dry, lipids were dissolved 
in TBS buffer with 100 mM deoxycholate to give a final ratio of 2:1 dexoycholate:phospholipids. 
Dissolved lipids were then combined with MSP1D1 in TBS to give a final ratio of 70:1 
phospholipid:MSP. The solution of MSP and lipids was actively mixed at room temperature for 
approximately 1 hr. Half the volume of the MSP/lipid solution of Amberlite XAD-2 hydrophobic 
beads was added and then left to mix at room temperature for approximately 1.5 hr. Bio-beads 
were then removed by filtering through a 0.22 μm syringe filter. Nanodiscs were then purified 
using size exclusion chromatography. 
Silicon photonic microring resonators. The Maverick M1 optical scanning instrumentation 
and microring resonator sensor chips were purchased from Genalyte, Inc. (San Diego, CA). The 
operation of the instrumentation has been previously described.21 The sensor chips were each 4 
mm X 5 mm sensor chips and contained 128, 30 μm diameter active sensor microrings grouped 
into sets of four, plus four temperature control microrings and two dedicated to detecting leaks 
from the microfluidic gasket positioned atop the sensor chip during microring detection 
experiments. 
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Sensor chip array functionalization. Prior to use, sensor chips were cleaned with a freshly 
made piranha solution (3:1 H2SO4:30% HOOH) for 30 sec then rinsed with water and dried with 
N2 (Caution! Piranha solution must be handled with extreme care and will react explosively with 
organics). The Bioforce Nano eNablerTM was then used to spot Nanodisc solutions onto individual 
clusters of 4 microrings. A spotting map showing the arrangement of the Nanodisc solutions on 
the sensor substrate is shown in Figure 2.1. Nanodisc solutions containing unique lipid 
compositions and ranging in concentration from 0.5 to 10 μM. Nanodiscs containing greater 
percentages of negative charge were spotted at higher concentrations since their physisorption was 
less efficient due to electrostatic repulsion,22 as the bare silicon microring surface also bears a 
negative charge. After spotting, chips were stored in a humidity chamber at 4°C for at least 4 hr 
before use. For studies of binding constant determination at variable Nanodisc loadings, Nanodisc 
solutions varying from 0.1- 5 M were flowed across bare sensor array chips for either 5 or 10 
minutes to achieve different Nanodisc loadings (Figure 2.7). 
Protein binding titrations. Laser cut Mylar gaskets that directed fluid flow across the chip 
were aligned onto the functionalized sensor chips, assembled into a Teflon cartridge, and loaded 
into the sensor scanner instrument. A 2% BSA in TBS buffer was first flowed across the chip 
surface at 10 μL/min to prevent nonspecific binding of proteins. For the PT and fX titrations in the 
Kd determination titrations, the proteins were flowed across the chip in increasing concentrations 
at 10 μL/min and the response allowed to equilibrate before the next solution injection. The same 
was done for fVIIa and APC, but at a 5 μL/min flow rate. Following the series of increasing 
concentrations, all of the proteins were released from the surface by flowing HEPES(-) buffer 
solution. The titration was then repeated with the next protein. For the PT and fX titrations used to 
determine koff rates, a given concentration of protein was flowed across the chip for 5 minutes at 
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10 µL/minute followed by a 10-minute rinse with HEPES buffer to observe dissociation, and then 
a 5 minute rinse in HEPES(-) to regenerate the surface. The next concentration of protein was then 
introduced and the process repeated throughout the concentration series. All protein solutions were 
made in HEPES buffer. This protocol was subsequently repeated for the other three proteins. The 
same procedure was used for fVIIa and APC koff titrations, except with a flow rate of 5 μL/min and 
each rinse step was 15 min.  
Data Analysis. Data analysis was performed using software provided by Genalyte, Inc. as 
well as custom scripts written in Origin 9.1. Sensor traces were corrected for temperature 
fluctuations and any residual non-specific binding by subtraction of response of 100% POPC 
Nanodiscs. Data fits for determining Kd were performed in Prism and fitting for koff in Origin 9.1.  
2.4 Results 
In previous work,22 a 4-channel microfluidic chamber was used to direct solutions of four 
Nanodiscs, each having different lipid composition, across different regions of a microring 
resonator substrate to create a 4-component sensing array. That method demonstrated that unique 
binding to each of the four distinct types of Nanodiscs could be monitored without cross reactivity, 
but fluidic immobilization did not facilitate higher throughput studies. In this study we used a 
microarrayer to create higher density arrays and use these arrays to probe biophysical interactions 
between blood coagulation proteins and Nanodiscs of variable lipid composition. Using 
physisorption as an immobilization method, seven different compositions of Nanodiscs were 
deposited onto clusters of four microrings using a Bioforce Nano eNabler. The lipid compositions 
investigated included 100% PC, as well as binary combinations of PC and PS (10, 30, 50, and 70% 
PS, with the balance being PC) or PC and PA (30 and 50% PA, with the balance being PC). Because 
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the Nanodiscs naturally physisorb to the silicon oxide surface neither the surface nor the Nanodiscs 
were modified for attachment. 
Arrays of these Nanodiscs with seven different lipid compositions were used to determine 
both the equilibrium dissociation constant, Kd, and kinetic dissociation rate, koff, for interactions 
with four different proteins involved in the blood coagulation pathway: PT, fX, fVIIa, and APC. 
Figure 2.2B shows a representative Kd determination titration for PT. PT was flowed across the 
Nanodisc array at increasing concentrations and the shift in microring resonance wavelength 
monitored in real time. At each step, the binding response was allowed to equilibrate before 
introducing the next concentration. As PT does not specifically bind to PC lipids, the small 
response measured from the 100% PC Nanodisc-functionalized rings was subtracted to correct for 
non-specific protein adsorption. The real time resonance shift data, replotted as a function of PT 
concentration, is presented in Figure 2.2C. Since all of the coagulation proteins studied bind in a 
Ca2+-dependent manner, the Nanodisc array could be completely regenerated by simply flowing a 
Ca2+-free buffer, followed by interrogation of subsequent coagulation protein/lipid interactions. In 
this way, identical titrations for fX, fVIIa, and APC were performed and can be found in Figures 
2.3-2.5. 
To determine Kd values for each coagulation protein at each lipid composition, the 
concentration-dependent shifts in resonance wavelength were fit according to a single-site binding 
model using the following equation: 
Δpm = 𝐵𝑚𝑎𝑥 (
[protein]
𝐾𝑑+[protein]
)                         (1) 
where Bmax is the maximum shift the protein is approaching and Kd is the equilibrium dissociation 
constant. Figure 2.6 shows Kd values determined for the binding of PT, fX, fVIIa, and APC to the 
different Nanodisc compositions. These values are also tabulated in Table 1.  Overall, binding 
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increased (Kd decreased) as the %PS composition of the Nanodisc increased. At 10% PS, fX 
exhibited the lowest Kd, followed by PT, APC, and FVIIa; these relative binding affinities are 
consistent with those observed previously.23 At 30% PS, PT and fX (Figure 2.6A and B, red bars) 
bound to the membrane surface with Kd values approximately an order of magnitude smaller than 
fVIIa or APC (Figure 2.6C and D, red bars); however, when the PS content was increased to 70%, 
all four proteins bound with similar Kd values of 140 – 440 nM (Table 2.1). To investigate how the 
PS content affected the Kd, we evaluated the percentage change in Kd as a function of %PS. For 
both PT and fX, the largest percent change in Kd occurred between 10 – 30% PS (84% decrease). 
Conversely, fVIIa and APC binding to Nanodiscs increased most significantly when the PS content 
was increased from 30% to 50% (80% and 75% decrease, respectively). fVIIa and APC were 
previously demonstrated to be PA-binding proteins.23 To confirm, we next evaluated the binding 
of PT, fX, fVIIa, and APC to 30 and 50% PA-containing Nanodiscs (Figure 2.6A-D, green bars); 
as expected, fVIIa and APC bound more tightly to PA than PS Nanodiscs exhibiting Kd values to 
50% PA Nanodiscs of 125 nM for fVIIa and 90 nM for APC, compared to 600 and 1200 nM, 
respectively, to 50% PS. 
 While enabling multiplexed measurements, microspotted arrays of Nanodiscs do not 
permit exact control over Nanodisc loading across the array. Therefore, to confirm that 
reproducible binding values can be obtained at variable Nanodisc loading, Kd values were 
determined for PT interacting with seven independently-generated 50% PS Nanodisc arrays. 
Moreover, the Nanodisc arrays were created by flowing Nanodisc solutions across the substrate at 
different concentrations and for different times. Nanodisc loading was measured for each ring on 
each of the seven substrates (Chips A-G) and twice on two of the sensor chips (Chip E and Chip 
F). PT solutions at different concentrations were then flowed across each of the substrates in order 
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to determine Kd, as described above, with Kd values being correlated with Nanodisc loading 
(Figure 2.7 and Table 2.2). Importantly, Kd values were found to be consistent across different 
Nanodisc loadings. 
In addition to determining equilibrium binding constants, the real-time analysis capabilities 
also permit interrogation of binding kinetics. Interactions between anionic lipids and the GLA 
domain are multivalent, making extraction of binding rate (kon) difficult; however, an apparent 
unbinding rate (koff) can be determined through a kinetic titration. To achieve this, a given 
concentration of a coagulation protein was flowed across the surface, and after reaching steady 
state, a Ca2+-containing buffer is flowed to watch the dissociation of the protein from the 
immobilized Nanodiscs. An entire representative titration for PT binding to variable lipid content 
Nanodiscs is shown in Figure 2.7 and 2.8. For clarity, the overlaid binding and unbinding curves 
for PT interacting with 50% PS-containing Nanodiscs is shown in Figure 3. The real-time 
dissociation was fit for each titration according to: 
Δ𝑝𝑚 = 𝐴 + 𝐴𝑒−𝑘𝑜𝑓𝑓(𝑡−𝑡0)                  (2) 
where pm is the resonance shift as a function of time, A is a constant, t is time, and koff is the 
dissociation off rate. This process was repeated for the other coagulation proteins again using a 
multiplexed Nanodisc composition array to simultaneously allow determination of multiple koff 
values for a particular coagulation protein. Full titrations for fX, fVIIa, and APC, as well as 
overlaid binding and unbinding curves for each are presented in Figures 2.9-2.14.  
 The resulting koff values for each coagulation protein and lipid composition are shown 
graphically in Figure 2.15 and numerically in Table 2.2.  Like Kd, the overall trend showed a 
decrease in koff as %PS increased, but the overall changes were much smaller (Figure 2.15 red 
bars). As the %PS was increased from 10-70%, fVIIa saw the largest decrease (55%) and APC saw 
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the lowest (10%). PT and fX decrease 45 and 52% respectively. The koff values of each protein 
were much closer than was seen for Kd values. At 50% PS the range of koff values was 0.66—0.87 
mim-1 (Table 2.2). Another interesting difference was that APC had the lowest koff at 10% PS while 
PT had the highest (0.64 and 1.36 min-1, respectively). When analyzing the koff values for PA 
containing nanodiscs there was a decrease in koff as %PA increased. Both fVIIa and APC had the 
lower koff values when comparing PA to PS containing Nanodiscs with koff values of 50% PA 
nanodiscs of 0.344 and 0.293 min-1 compared to 0.51 and 0.67 min-1 for 50% PS respectively 
(Table 2.2). 
2.5 Discussion 
PT, fX, fVIIa, and APC bind to the membrane surface through their GLA domains.23,24 
Each of the proteins’ GLA domains are homologous and have multiple, specific binding sites for 
PS head groups; however, PS is not the only lipid that can affect clotting protein binding and 
activation. Other lipids have been shown to synergize with PS to reduce the amount of PS lipids 
needed for full activation of fVIIa and fX.23 One such lipid is PA and its effects on fVIIa and APC 
binding are especially clear from the presented microring resonator array results. Both of these 
coagulation proteins bind with lower Kd values to PA lipid-presenting Nanodiscs, compared to 
those with equivalent amounts of PS. They also show tighter binding as the amount of PA is 
increased.32   
Examining Kd values reveals several interesting trends in protein binding as a function of 
lipid composition. As expected from previous studies,9,32 the Kd had an inverse relationship with 
PS and PA concentration. That is, coagulation protein binding was generally tighter (smaller Kd) 
with greater amounts of anionic lipid in the Nanodiscs. The fact that all of the proteins bound more 
tightly as PS content increased is consistent with the literature.9  
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A considerable advantage to using microring resonator technology is the direct comparison 
of different proteins binding to the same Nanodisc-modified sensor array. This unprecedented 
continuity across multiple experiments allows for a more confident analysis of results. Though our 
results largely support those found previously, the ability to directly compare across proteins 
allows for a deeper interpretation. One such insight comes from the finding that at high %PS, 
binding affinities for the coagulation proteins tested converge, with fVIIa and APC binding 
significantly better than at low percent PS. Interestingly, PS has been shown to undergo calcium-
induced clustering in vitro,11 and thus the presence of PS-rich nanodomains within the lipid bilayer 
may act to recruit fVIIa and APC to PA-deficient membrane surfaces under certain conditions. 
PT, fX, fVIIa, and APC bind to the membrane surface through their GLA domains.23,24 Each of the 
proteins’ GLA domains are homologous and have multiple, specific binding sites for PS head 
groups, but PS is not the only lipid that can affect clotting protein binding and activation. Other 
lipids have been shown to synergize with PS to reduce the amount of PS lipids needed for full 
activation of fVIIa and fX.23 One such lipid is PA and its effects on fVIIa and APC binding are 
especially clear from the presented microring resonator array results. Both of these coagulation 
proteins bind with lower Kd values to PA lipid-presenting Nanodiscs, compared to those with 
equivalent amounts of PS. They also show tighter binding as the amount of PA is increased. These 
observations support previous activation studies32 wherein PA was found to synergize with PS in 
leading to increased enzyme activation.  
 It is worth pointing out that the increased binding affinity does not strictly lead to a larger 
magnitude of observed resonance shift due to variable amount of specific Nanodisc loaded onto 
the surface. As we showed previously,22 the charge of lipids within Nanodiscs plays a large role in 
determining the relative amount of physisorption, with Nanodiscs with higher percentages of 
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negatively charged lipids (PS and PA) having reduced loading due to electrostatic repulsion with 
the natively negatively charges SiOx surface of the microring. This accounts for a reduced 
magnitude of resonance shift. However, Kd values mathematically-determined from fitting of the 
data to the single-site binding model do reflect the expected trends as a function of lipid 
composition.  
The major objective of this study was to demonstrate the power of leveraging of a highly 
multiplexed analysis platform to perform self-consistent interaction screening of multiple proteins 
across the same model membrane array. To realize this high density sensor array Nanodiscs of 
varying lipid composition are spotted across the substrate, which, in contrast to flow-based 
deposition, does not facilitate the real-time measurement of Nanodisc loading onto the surface. To 
verify that Kd values measured  are not dependent upon the amount of Nanodisc deposited, 
equilibrium dissociation constants were determined for PT using seven different sensor arrays 
uniquely modified with different amounts of Nanodiscs (Figure 2.7). Importantly, Kd values were 
found to be consistent across a range of Nanodisc loadings providing evidence that it is not 
necessary to record loading values to determine accurate Kd values. It is worth pointing out that 
the values measured in this experiment do vary from that obtained in the array-based measurement; 
however, that discrepancy, which is minor compared to the overall magnitude in Kd values across 
different Nanodisc lipid compositions, is completely due to a new set of chemical and biochemical 
reagents utilized in this follow-up set of experiments. It is well known that absolute Kd values are 
difficult to reproduce in independent experiments, thus underscoring the value in the being able to 
obtain a completely self-consistent sent of values for multiple proteins and many different lipid 
compositions using this multiplexed detection technology. 
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In general, Kd values obtained using the silicon photonic microring resonator platform are 
lower than those generally obtained using SPR;32 however, the trends as a function of lipid 
composition are identical. SPR has been used to determine Kd values for some of the coagulation 
proteins studied in this work; however, there is not a single, comprehensive source for these values. 
Furthermore, Kd values determined by SPR (and other techniques) are notoriously variable. This 
underscores the need for technologies that can provide many self-consistent Kd values in a single 
experiment. That is to say that relative Kd values from such measurements provide more insight 
into the nature of the biophysical interaction than the absolute values themselves. That said, SPR 
values for some of the coagulation factor-lipid composition Nanodisc from assorted literature 
sources are provided in Table 2.2. 
Importantly, by using the Nanodisc-functionalized microring sensor array, a single 
experiment yielded internally consistent Kd values for six distinct interactions per coagulation 
protein. This is in contrast to lower throughput methods that would require many more 
measurements across multiple sensor substrates and multiple days of experimentation to obtain 
this amount of binding interaction data, a laborious process that introduces experimental 
uncertainties and is prone to run-to-run variation. 
Similar to Kd values, koff values also show trends related to the anionic lipid content in 
Nanodiscs. Specifically, the rate of unbinding is lower as the amount of PS or PA is increased, 
which is consistent with the measured lower Kd values (tighter binding). For fVIIa and APC, the 
koff values are also proportionally lower for PA-containing discs, compared to equivalent amounts 
of PC. Notably, the variation within koff alone is not enough to fully explain differences in Kd, 
suggesting that there must also be corresponding differences in the kinetic rate of binding, kon 
(Kd=kon/koff) for different protein-lipid combinations. However, as mentioned earlier, direct 
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measurement of kon is difficult due to the multivalent nature of the GLA domain interaction (6-8 
lipids bound/GLA domain23), and likely need for lipid rearrangement during binding of GLA 
domains (leading to complicated binding kinetics). However, the coupled Kd and koff values 
obtained using this technology platform provide confidence in concluding variations in kon. 
The interactions of clotting proteins with cell membrane lipids is critical to the blood coagulation 
cascade as well as many other biological processes. Previous work studying protein-lipid 
interactions has been relatively low throughput, so only a limited number of proteins or lipid 
compositions are examined. This paper introduces a multiplexed technique where interactions with 
many different lipid compositions can be monitored simultaneously in real time. Because 
Nanodiscs were spotted and allowed to physisorb to the surface of the chip, no tags were required 
to monitor binding. Here, the binding constants of four coagulation proteins (PT, fX, fVIIa, and 
APC) binding to Nanodiscs of six different lipid compositions were determined. While absolute 
Kd values were lower than those reported by SPR, qualitative trends in terms of binding as a 
function of anionic lipid content was consistent.  The benefits of utilizing both Nanodiscs and 
microring resonator technologies for probing protein-membrane interactions are numerous. Unlike 
liposomes, the lipid (nanoscale) composition of Nanodiscs can be precisely controlled due to their 
small size, making them an ideal substrate on which to study these interactions. The simultaneous 
interrogation of numerous binding interactions from a single measurement using the photonic 
microring resonators increases intra-assay precision and eliminates experimental variability. 
Additionally, due to its multiplexed nature, utilization of microring resonators decreases the 
consumption of precious reagents and reduces instrument time compared to traditional techniques 
such as Biacore. Finally, the ability to evaluate the binding of numerous proteins to the same lipid 
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surface eliminates inherent differences in substrate (i.e. Nanodisc) loading and the associated run-
to-run variability. 
In the future, this technique can be applied to further examine the effect of different lipids 
on the binding of clotting proteins to membranes. Previous work has shown that combinations of 
lipids with PS have led to synergistic binding and activation for fVIIa and APC.9,32 Similar binding 
studies of other clotting proteins containing GLA domains could be obtained in a high throughput 
manner using the silicon photonic microring resonator platform in combination with multiplex 
Nanodiscs.  
 
 
 
 
 
 
 
 
 
 
 
 
 
  
24 
 
2.6 Figures and Tables 
 
Figure 2.1: Sensor Chip Layout 
The layout of the sensor chip used to run the protein titrations. The bright pink rings are the 
temperature control rings, yellow rings are the leak sensors, red rings are spotted with 10% PS 
nanodiscs, blue rings are spotted with 30% PS Nanodiscs, green rings are spotted with 50% PS 
rings, orange rings are spotted with 70% PS Nanodiscs, light pink rings are spotted with 30% PA 
Nanodiscs, purple rings are spotted with 50% PA Nanodiscs, and black rings are spotted with 
100% PC Nanodiscs. 
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Figure 2.2: Determining PT Kd Value  
To determine the Kd of prothrombin (PT) binding to Nanodiscs of various lipid composition, a 
single chip was spotted with the Nanodiscs with lipids 10% PS, 30% PS, 50% PS, 70% PS, 30% 
PA, 50% PA, and as a control 100% PC (the balance of PS and PA lipid nanodiscs was made up 
of PC lipids). In A and B the dashed lines indicate the addition of a new concentration of protein 
of interest, the *marks the transition to HEPES buffer, and ** marks the transition to HEPES (-). 
A) The PT binding response during a typical titration, flowed at 10 μL/min. The grey line 
represents PT binding to 100% PC Nanodiscs, orange is PT binding to 70% PS Nanodiscs, green 
is PT binding to 50% PS Nanodiscs, blue is PT binding to 30% PS Nanodiscs, red is PT binding 
to 10% PS nanodiscs, pink is PT binding to 30% PA Nanodiscs, and violet is PT binding to 50% 
PA Nanodiscs.  Concentrations of 5 nM, 10 nM, 25 nM, 50 nM, 100 nM, 300 nM, 500 nM, 1000 
nM, and 2000 nM PT are flowed across the sensor chip in the titration. At each step the binding is 
allowed to reach equilibrium. B) The PT titration controlled for the 100% PC control rings. C) Plot 
of the max pm shift of PT binding at each of the concentration steps. The plots of PT-Nanodisc 
binding were fit to equation (1). D) The Kd values determined for PT binding to each type of 
nanodiscs. Kd of PT binding to PS-containing nanodiscs are shown in red and PA-containing 
Nanodiscs in green. Error bars represent the standard deviation from at least n=8 microrings in a 
single detection experiment. 
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Figure 2.3: Determining fX Kd Value  
To determine the Kd of factor X (fX) binding to Nanodiscs of various lipid composition, a single 
chip was spotted with the Nanodiscs with lipids 10% PS, 30% PS, 50% PS, 70% PS, 30% PA, 
50% PA, and as a control 100% PC (the balance of PS and PA lipid nanodiscs was made up of PC 
lipids). In A and B the dashed lines indicate the addition of a new concentration of protein of 
interest, the *marks the transition to HEPES buffer, and ** marks the transition to HEPES (-). A) 
The fX binding response during a typical titration, flowed at 10 μL/min. The grey line represents 
fX binding to 100% PC Nanodiscs, orange is fX binding to 70% PS Nanodiscs, green is fX binding 
to 50% PS Nanodiscs, blue is fX binding to 30% PS Nanodiscs, red is fX binding to 10% PS 
Nanodiscs, pink is fX binding to 30% PA Nanodiscs, and violet is fX binding to 50% PA 
Nanodiscs.  Concentrations of 5 nM, 10 nM, 25 nM, 50 nM, 100 nM, 300 nM, 500 nM, 1000 nM, 
2000 nM, and 4000 nM fX are flowed across the sensor chip in the titration. At each step, the 
binding is allowed to reach equilibrium. B) The fX titration controlled for the 100% PC control 
rings. C) Plot of the max pm shift of fX binding at each of the concentration steps. The plots of 
fX-Naodisc binding were fit to equation (1). D) The Kd values determined for fX binding to each 
type of nanodiscs. Kd of fX binding to PS-containing Nanodiscs are shown in red and PA-
containing Nanodiscs in green. Error bars represent the standard deviation from at least n=8 
microrings in a single detection experiment. 
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Figure 2.4: Determining fVIIa Kd Values  
To determine the Kd of factor VIIa (fVIIa) binding to Nanodiscs of various lipid composition, a 
single chip was spotted with the Nanodiscs with lipids 10% PS, 30% PS, 50% PS, 70% PS, 30% 
PA, 50% PA, and as a control 100% PC (the balance of PS and PA lipid Nanodiscs was made up 
of PC lipids). In A and B the dashed lines indicate the addition of a new concentration of protein 
of interest, the *marks the transition to HEPES buffer, and ** marks the transition to HEPES (-). 
A) The fVIIa binding response during a typical titration, flowed at 5 μL/min. The grey line 
represents fVIIa binding to 100% PC Nanodiscs, orange is fVIIa binding to 70% PS Nanodiscs, 
green is fVIIa binding to 50% PS Nanodiscs, blue is fVIIa binding to 30% PS Nanodiscs, red is 
fVIIa binding to 10% PS Nanodiscs, pink is fVIIa binding to 30% PA Nanodiscs, and violet is 
fVIIa binding to 50% PA Nanodiscs.  Concentrations of 100 nM, 500 nM, 1000 nM, 2000 nM, 
and 4000 nM fVIIa are flowed across the sensor chip in the titration. At each step the binding is 
allowed to reach equilibrium. B) The fVIIa titration controlled for the 100% PC control rings. C) 
Plot of the max pm shift of fVIIa binding at each of the concentration steps. The plots of fVIIa-
Naodisc binding were fit to equation (1). D) The Kd values determined for fVIIa binding to each 
type of nanodiscs. Kd of fVIIa binding to PS-containing Nanodiscs are shown in red and PA-
containing Nanodiscs in green. Error bars represent the standard deviation from at least n=8 
microrings in a single detection experiment. 
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Figure 2.5: Determining APC Kd Values  
To determine the Kd of activated protein C (APC) binding to Nanodiscs of various lipid 
composition, a single chip was spotted with the Nanodiscs with lipids 10% PS, 30% PS, 50% PS, 
70% PS, 30% PA, 50% PA, and as a control 100% PC (the balance of PS and PA lipid Nanodiscs 
was made up of PC lipids). In A and B the dashed lines indicate the addition of a new concentration 
of protein of interest, the *marks the transition to HEPES buffer, and ** marks the transition to 
HEPES (-). A) The APC binding response during a typical titration, flowed at 5 μL/min. The grey 
line represents APC binding to 100% PC Nanodiscs, orange is APC binding to 70% PS Nanodiscs, 
green is APC binding to 50% PS Nanodiscs, blue is APC binding to 30% PS Nanodiscs, red is 
APC binding to 10% PS Nanodiscs, pink is APC binding to 30% PA Nanodiscs, and violet is APC 
binding to 50% PA Nanodiscs.  Concentrations of 10 nM, 50 nM, 100 nM, 500 nM, 1000 nM, 
2000 nM, and 4000 nM APC are flowed across the sensor chip in the titration. At each step the 
binding is allowed to reach equilibrium. B) The APC titration controlled for the 100% PC control 
rings. C) Plot of the max pm shift of APC binding at each of the concentration steps. The plots of 
APC-Nanodisc binding were fit to equation (1). D) The Kd values determined for APC binding to 
each type of nanodiscs. Kd of APC binding to PS-containing nanodiscs are shown in red and PA-
containing Nanodiscs in green. Error bars represent the standard deviation from at least n=8 
microrings in a single detection experiment. 
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Figure 2.6: Kd values in nM of A) PT B) fX C) fVIIa D) APC binding to variable lipid content 
Nanodiscs  
Each was determined by plotting relative shift of binding vs. concentration of protein and fitting 
to equation 1. Error bars represent the standard deviation from at least n=8 microrings in a single 
detection experiment. 
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Figure 2.7: Kd determination for Prothrombin (PT) at variable Nanodisc loadings  
Seven different microring arrays were functionalized with variable amounts of 50% PS (the 
balance was made up of PC) Nanodiscs using a flow based strategy. The Kd values determined 
were not strongly dependent upon Nanodisc loading across a significant range of loadings. Each 
data point represents the Kd measured from an individual ring. The measured Kd values are quite 
consistent across different loadings. Discrepancies in the measured ensemble Kd value from that 
measured in the array-based measurement (180 ± 10 nM) in the main text is due to completely 
new set of reagents and buffers. However, the scale of discrepancy is small compared to the overall 
differences in Kd measured across different lipid composition Nanodiscs. 
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Figure 2.8: PT Binding and Falloff Titration 
A) PT binding and falloff titration, flowed at 10 μL/min. Each dashed line indicated when PT was 
flowed across the surface. Each binding step was run for 5 min and after, the HEPES buffer was 
flowed across the chip surface for 10 min and was then followed by a 5 min HEPES(-) rinse to 
remove any excess protein bound. The grey line represents PT binding to 100% PC Nanodiscs, 
orange is PT binding to 70% PS Nanodiscs, green is PT binding to 50% PS Nanodiscs, blue is PT 
binding to 30% PS Nanodiscs, red is PT binding to 10% PS Nanodiscs, pink is PT binding to 30% 
PA Nanodiscs, and violet is PT binding to 50% PA Nanodiscs. B) PT binding and falloff titration 
controlled for non-specific binding by subtraction of 100% PC Nanodisc binding curves. Error 
bars represent the standard deviation from at least n=8 microrings in a single detection experiment. 
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Figure 2.9: Determining PT koff Values 
After collecting the results from the binding and falloff titrations, the binding and falloff curves 
for each type of Nanodisc were stacked. The falloff curves were then globally fit using equation 
(2), the red curves are the fits (except for PT-10% PS Nanodisc binding where the fit is shown in 
blue) A) PT-10% PS Nanodisc binding and falloff B) PT-30% PS Nanodisc binding and falloff C) 
PT-50% PS Nanodisc binding and falloff D) PT-70% PS Nanodisc binding and falloff E) PT-30% 
PA Nanodisc binding and falloff F) PT-50% PA Nanodisc binding and falloff. Error bars represent 
the standard deviation from at least n=8 microrings in a single detection experiment. 
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Figure 2.10: fX Binding and Falloff Titration 
A) fX binding and falloff titration, flowed at 10 μL/min. Each dashed line indicated when fX was 
flowed across the surface. Each binding step was run for 5 min and after, the HEPES buffer was 
flowed across the chip surface for 10 min and was then followed by a 5 min HEPES(-) rinse to 
remove any excess protein bound. The grey line represents fX binding to 100% PC Nanodiscs, 
orange is fX binding to 70% PS Nanodiscs, green is fX binding to 50% PS Nanodiscs, blue is fX 
binding to 30% PS Nanodiscs, red is fX binding to 10% PS Nanodiscs, pink is fX binding to 30% 
PA Nanodiscs, and violet is fX binding to 50% PA Nanodiscs. B) fX binding and falloff titration 
controlled for non-specific binding by subtraction of 100% PC Nanodisc binding curves. Error 
bars represent the standard deviation from at least n=8 microrings in a single detection experiment. 
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Figure 2.11: Determining fX koff Values 
After collecting the results from the binding and falloff titrations, the binding and falloff curves 
for each type of Nanodisc were stacked. The falloff curves were then globally fit using equation 
(2), the red curves are the fits (except for fX-10% PS Nanodisc binding where the fit is shown in 
blue) A) fX-10% PS Nanodisc binding and falloff B) fX-30% PS Nanodisc binding and falloff C) 
fX-50% PS Nanodisc binding and falloff D) fX-70% PS Nanodisc binding and falloff E) fX-30% 
PA Nanodisc binding and falloff F) fX-50% PA Nanodisc binding and falloff. Error bars represent 
the standard deviation from at least n=8 microrings in a single detection experiment. 
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Figure 2.12: fVIIa Binding and Falloff Titration 
A) fVIIa binding and falloff titration, flowed at 5 μL/min. Each dashed line indicated when fVIIa 
was flowed across the surface. Each binding step was run for 5 min and after, the HEPES buffer 
was flowed across the chip surface for 15 min and was then followed by a 5 min HEPES(-) rinse 
to remove any excess protein bound. The grey line represents fVIIa binding to 100% PC 
Nanodiscs, orange is fVIIa binding to 70% PS Nanodiscs, green is fVIIa binding to 50% PS 
Nanodiscs, blue is fVIIa binding to 30% PS Nanodiscs, red is fVIIa binding to 10% PS Nanodiscs, 
pink is fVIIa binding to 30% PA Nanodiscs, and violet is fVIIa binding to 50% PA Nanodiscs. B) 
fVIIa binding and falloff titration controlled for non-specific binding by subtraction of 100% PC 
Nanodisc binding curves. Error bars represent the standard deviation from at least n=8 microrings 
in a single detection experiment. 
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Figure 2.13: Determining fVIIa koff Values 
After collecting the results from the binding and falloff titrations, the binding and falloff curves 
for each type of Nanodisc were stacked. The falloff curves were then globally fit using equation 
(2), the red curves are the fits (except for fVIIa-10% PS Nanodisc binding where the fit is shown 
in blue) A) fVIIa-10% PS Nanodisc binding and falloff B) fVIIa-30% PS Nanodisc binding and 
falloff C) fVIIa-50% PS Nanodisc binding and falloff D) fVIIa-70% PS Nanodisc binding and 
falloff E) fVIIa-30% PA Nanodisc binding and falloff F) fVIIa-50% PA Nanodisc binding and 
falloff. Error bars represent the standard deviation from at least n=8 microrings in a single 
detection experiment. 
37 
 
 
Figure 2.14: APC Binding and Falloff Titration 
A) APC binding and falloff titration, flowed at 5 μL/min. Each dashed line indicated when APC 
was flowed across the surface. After a 5 min binding step, the HEPES buffer was flowed across 
the chip surface for 15 min and was then followed by a 5 min HEPES(-) rinse to remove any excess 
protein bound. The grey line represents APC binding to 100% PC Nanodiscs, orange is APC 
binding to 70% PS Nanodiscs, green is APC binding to 50% PS Nanodiscs, blue is APC binding 
to 30% PS Nanodiscs, red is APC binding to 10% PS Nanodiscs, pink is APC binding to 30% PA 
Nanodiscs, and violet is APC binding to 50% PA Nanodiscs. B) APC binding and falloff titration 
controlled for non-specific binding by subtraction of 100% PC Nanodisc binding curves. Error 
bars represent the standard deviation from at least n=8 microrings in a single detection experiment. 
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Figure 2.15: Determining PT koff Values 
After collecting the results from the binding and falloff titrations, the binding and falloff curves 
for each type of Nanodisc were stacked. The falloff curves were then globally fit using equation 
(2), the red curves are the fits (except for APC-10% PS Nanodisc binding where the fit is shown 
in blue) A) APC-10% PS Nanodisc binding and falloff B) APC-30% PS Nanodisc binding and 
falloff C) APC-50% PS Nanodisc binding and falloff D) APC-70% PS Nanodisc binding and 
falloff E) APC-30% PA Nanodisc binding and falloff F) APC-50% PA Nanodisc binding and 
falloff. Error bars represent the standard deviation from at least n=8 microrings in a single 
detection experiment. 
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Figure 2.16: The koff values in min-1 of A) fX B) PT C) fVIIa D) APC binding to variable lipid 
content Nanodiscs 
The koff each protein-Nanodiscs was determined by stacking the association and dissociation curves 
of different protein concentrations to a single lipid composition and fitting protein dissociation 
curves to equation 2. Error bars represent the standard deviation from at least n=8 microrings in a 
single detection experiment. 
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Table 2.1: Kd values of PT, fX, fVIIa, and APC binding to Nanodiscs having different lipid 
composition 
 10% PS 30% PS 50% PS 70% PS 30% PA 50% PA 
PT 2100 ± 100 337 ± 9 180 ± 10 140 ± 20 1020 ±40 290 ±13 
fX 1060 ± 20 322 ± 3 193 ± 3 182 ± 3 1280 ± 80 1020 ±40 
fVIIa 6000 ± 3000 3000 ±400 600 ± 80 200 ± 30 210 ± 20 125 ± 4 
APC 5000 ± 900 4800 ± 500 1200 ± 100 440 ± 80 107 ± 7 90 ± 4 
 
Error represent standard deviation. From at least n=8 microrings in a single detection experiment. 
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Table 2.2: Tabulated Kd values as a function of Nanodisc loading 
Chip Nanodisc Loading (pm) PT Kd (nM) PT Kd  (nM) Trial #2 
A 217 ± 8 114 ± 3 - 
B 258 ± 3 131 ± 3 - 
C 170 ± 20 82 ± 3 - 
D 192 ± 7 113 ± 6 - 
E 167 ± 3 100 ± 20 89 ± 4 
F 257 ± 6 83 ± 2 110 ± 40 
G 130 ± 30 114 ± 9 - 
Average 200 ± 50 100 ± 20 
 
Error represents standard deviation from microrings in a single detection experiment. 
The Kd values determined were not strongly dependent upon Nanodisc loading across a significant 
range of loadings. Each data point represents the Kd measured from an individual ring. The 
measured Kd values are quite consistent across different loadings. Discrepancies in the measured 
ensemble Kd value from that measured in the array-based measurement (180 ±10 nM) in the main 
text is due to completely new set of reagents and buffers. However, the scale of discrepancy is 
small compared to the overall differences in Kd measured across different lipid composition 
Nanodiscs. 
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Table 2.3: koff values (min-1) of PT, fX, fVIIa, and APC dissociating from Nanodiscs having 
different lipid composition 
 10% PS 30% PS 50% PS 70% PS 30% PA 50% PA 
PT 1.36 ± 0.05 1.29 ± 0.05 0.87 ± 0.02 0.75 ± 0.02 0.87 ± 0.03 0.83 ± 0.04 
fX 0.95 ± 0.02 0.539 ± 0.009 0.486 ± 0.008 0.459 ± 0.007 0.77 ± 0.02 0.58 ± 0.01 
fVIIa 0.90 ± 0.07 0.78 ± 0.06 0.51 ± 0.03 0.40 ± 0.02 0.47 ± 0.01 0.344 ± 0.005 
APC 0.64 ± 0.02 0.66 ± 0.01 0.67 ± 0.01 0.58 ± 0.01 0.321 ± 0.007 0.293 ± 0.005 
 
Error represent standard deviation. From at least n=8 microrings in a single detection experiment. 
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Chapter 3 
Phosphatidylethanolamine Synergizes with Phosphatidylserine to 
Improve Binding of All Seven GLA-Domain Containing Proteins of the 
Blood Coagulation Cascade. 
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3.1 Abstract 
In the blood clotting cascade there are 7 proteins that interact with the cell membrane 
through their GLA domains: factor VII (fVII), factor IX (fIX), factor X (fX), protein C (PrC), 
protein S (PrS), and protein Z (PrZ). The GLA domains bind to negatively charged 
phosphatidylserine (PS) lipids in a calcium dependent manner. Previous work has shown that 
phosphoethanolamine (PE) synergizes with PS to reduce the amount of PS needed for fVIIa,1,2 
fX,3 and APC4 activity and that the improved activity is influenced by improved binding. Kd values 
for all 7 GLA-containing clotting proteins binding to nanodiscs of 8 different lipid compositions 
are reported herein. The results show that for all the proteins examined in this study, the addition 
of PE lipids greatly reduces the amount of PS lipids needed for optimal binding. For each protein, 
the Kd values were obtained in a single run using the multiplexing capability of silicon photonic 
microring resonators. By multiplexing the nanodiscs of interest onto a single sensor chip, all Kd 
values could be obtained under the same conditions, allowing for direct comparison between 
proteins and lipid compositions without the issue of run to run variability. 
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3.2 Introduction 
Many reactions involved in the blood coagulation cascade are greatly influenced by the 
composition of the cell membrane.5,6 Studies have shown the exposure of the negatively charged 
lipid, phosphatidylserine (PS) is one of the initiating factors of the cascade.7 This can be attributed 
to the fact that these reactions occur at the membrane surface and involve multiple PS lipid binding 
proteins. The most common membrane binding domain is the GLA domain. The GLA domains 
are located at the N-terminus of 4 procoagulant (factor VII (fVII), factor IX (IX), factor X (fX) 
and prothrombin (PT)) and 3 anticoagulant proteins (protein C (PrC), protein S (PrS), and protein 
Z (PrZ)).7 The GLA domain reversibly binds to PS lipids in a calcium dependent manner but even 
though the structures of the GLA domains are very similar between the proteins, very different 
binding affinities are seen.6 
While PS lipids are necessary for optimal activity of many clotting factors, they only 
constitute ~12% of the phospholipid content of the cell’s plasma membrane.8 This is lower than 
what is required for optimal procoagulant activity of activated fVII (fVIIa) in vitro.5  
Phosphoethanolamine (PE), which makes up ~25% of the phospholipid content of the plasma 
membrane,8 can partially compensate for the low abundance of PS lipids. The proteins fVIIa,1,2 
fX,3 and APC4 have all been shown to have augmented activity when PE is mixed with PS lipids.   
The aim of this study is to analyze the effect of PE lipid synergy with PS lipids on the 
binding of all 7 GLA containing proteins of the clotting cascade.  To accomplish this, sensor chips 
spotted with nanodisc arrays were analyzed by silicon photonic microring resonators in a high-
throughput manner. Nanodiscs are small lipid bilayer discs held together by two membrane 
scaffold proteins that offer a high degree of control over lipid composition.9,10 Nanodiscs have 
proven to be a useful tool in the study of membrane lipid interactions of the blood coagulation 
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cascade2,5,6 and most recently our lab has shown that arrays of nanodiscs can be created on the 
silicon photonic microring resonators through direct physisorption via spotting which was made 
possible by the nanodiscs’ innate ability to physisorb to the silicon oxide surface of the sensor 
chips.11 Silicon photonic microring resonators employ sensor chips with 128 individually 
addressable rings where binding at the surface of each ring can be monitored in real time.12  Our 
lab has developed assays for the detection of protein and nucleic acid12,13 biomarkers using these 
sensor chips. Because the technology can monitor binding in real time, it can also be used for the 
determination of binding constants.14,15 The ability to determine multiple Kd values of proteins 
using nanodiscs arrays makes the silicon photonic microring resonators ideal for the analysis of 
protein-lipid binding interactions. 
This study determined the Kd values f fVIIa, fIX, fX, PT, APC, PrS, and PrZ binding to 
nanodiscs of 8 different lipid compositions. We were able to directly compare Kd values of binding 
to nanodiscs of 10, 25, 40 and 50% PS to nanodiscs containing 10% PS with 40% PE, 25% PS 
with 25% PE, and 40% PS with 10% PE or 50% PE. The balance in all nanodiscs was made up of 
PC lipids. The analysis showed that PE has a significant effect on protein binding. Most strikingly, 
fVIIa and PrZ, which show very high (or unmeasurable Kd values at low PS content, were able to 
bind in the μM range with the addition of PE lipids. The work offers a complete look at the 
influence of PE on binding of clotting cascade proteins with GLA domains and can stand as a 
complement to activity studies of the pro- and anticoagulant abilities of the proteins. 
3.3 Materials and Methods 
Materials. Phosphatidylcholine (PC; 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine), 
phosphatidylserine (PS; 1-palmitoyl-2-oleoyl-sn-glycero-2-phosphoserine), and 
phosphoethanolamine (PE; 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine) were purchased 
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from Avanti PolarLlipids (Alabaster, AL). MSP1E3D1 was expressed in E. coli and purified as 
described previously.16 Human factor X (fX) was purchased from Enzyme Research Laboratories 
Inc. (South Bend, IN). Human factor IX (fIX), prothrombin (PT), activated protein C (APC), 
protein S (PrS), and protein Z (PrZ) were purchased from Haematologic Technologies (Essex 
Junction, VT). Recombinant human factor VIIa produced in the milk of transgenic goats was 
generously provided by rEVO Biologics (Framingham, MA). Amberlite XAD-2 hydrophobic 
beads and all other chemicals were purchased from Sigma Aldrich (St. Louis, MO) and used as 
received, unless otherwise noted. Buffers were prepared with 18.2 MΩ deionized water and sterile 
filtered prior to use. 
Solution preparation. Nanodisc solutions were prepared in a TBS buffer (20 mM Tris-HCl, 
100 mM NaCl, and 0.01% (w/v) NaN3, pH 7.4). PT and fX solutions were prepared in a HEPES 
buffer (10 mM HEPES, 150 mM NaCl, 50 μM EDTA, 2.5 mM CaCl2, 0.1% (w/v) PEG 8000). 
Solutions of fVIIa, APC, PrS, PrZ, and fIX were prepared in HEPES buffer with 0.2% (w/v) BSA, 
pH 7.4. The HEPES rinse buffer (HEPES(-)) for surface regeneration was made without CaCl2. 
Nanodisc preparation and purification. Nanodisc preparation and purification has been 
described in detail previously.16,17 Briefly, lipids solubilized in chloroform were measured into test 
tubes and dried under nitrogen. For nanodiscs containing mixtures of POPS and POPC, or DOPE, 
POPS, and POPC, the lipids were mixed at appropriate ratios prior to drying. After drying, lipids 
were placed in a lyophilizer, under vacuum for 60-90 mins. Once completely dry, lipids were 
dissolved in TBS buffer with 100 mM deoxycholate to give a final ratio of 2:1 
dexoycholate:phospholipids. Dissolved lipids were then combined with MSP1E3D1 in TBS to 
give a final ratio of 140:1 phospholipid:MSP. The solution of MSP and lipids was actively mixed 
at room temperature for approximately 1 hr. Half the volume of the MSP/lipid solution of 
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Amberlite XAD-2 hydro-phobic beads was added and then left to mix at room temperature for 
approximately 1.5 hr. Bio-beads were then re-moved by filtering through a 0.22 μm syringe filter. 
Nanodiscs were then purified using size exclusion chromatography. 
Silicon photonic microring resonators. The Maverick M1 optical scanning instrumentation 
and microring resonator sensor chips were purchased from Genalyte, Inc. (San Diego, CA). The 
operation of the instrumentation has been previously described.18 The sensor chips were each 4 
mm X 5 mm sensor chips and contained 128, 30 μm diameter active sensor microrings grouped 
into sets of four, plus four temperature control microrings and two dedicated to detecting leaks 
from the microfluidic gasket positioned atop the sensor chip during microring detection 
experiments. 
Sensor chip array functionalization. Prior to use, sensor chips were placed in a vial of 
acetone and allowed to mix for 2 min, the sensor chips were then transferred to a vial of 
isopropanol and allowed to mix for 2 min, followed by 2 min of mixing in a vial of deionized 
water. After the sensor chips had been dried with N2, between 100 and 200 nL of each type of 
nanodisc were spotted at 5 μM.  A spotting map showing the arrangement of the Nanodisc 
solutions on the sensor substrate is shown in Figure 3.1. After spotting, chips were stored in a 
humidity chamber at 4°C for at least 1 hr before use. 
Protein binding titrations. Laser cut Mylar gaskets that directed fluid flow across the chip 
were aligned onto the functionalized sensor chips, assembled into a Teflon cartridge, and loaded 
into the sensor scanner instrument. A 2% BSA in TBS buffer was first flowed across the chip 
surface at 10 μL/min to prevent nonspecific binding of proteins. For the fIX, fX, PT, PrS and PrZ 
titrations in the Kd determination titrations, the proteins were flowed across the chip in increasing 
concentrations at 10 μL/min and the response allowed to equilibrate before the next solution 
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injection. The same was done for fVIIa and APC, but at a 5 μL/min flow rate. Following the series 
of increasing concentrations, all of the proteins were released from the surface by flowing 
HEPES(-) buffer solution. The titration was then repeated with the next protein.  
Data Analysis. Data analysis was performed using software provided by Genalyte, Inc. as 
well as custom scripts written in OriginPro 2016. Sensor traces were corrected for temperature 
fluctuations and any residual non-specific binding by subtraction of response of 100% POPC 
Nanodiscs. The data was then baseline corrected to zero at time = 10 min. The max shift was 
plotted as a concentration of protein and the fits for determining Kd were performed in OriginPro 
2016. 
3.4 Results and Discussion 
Much work has been done to examine the influence of lipid composition on the binding 
and activation of GLA domain-containing clotting proteins. Through this work the “Anything But 
Choline” (ABC) hypothesis emerged.2 The ABC hypothesis predicts that anything but choline 
containing head groups on lipids can synergize with PS lipids to greatly reduce the amount of PS 
needed for full activation. Previous work has mainly focused on one or two proteins at a time but 
it is well documented that while the GLA domains of clotting proteins are structurally and 
compositionally homologous, they can exhibit much different binding affinities as in the case of 
APC and fVIIa, which bind PA lipids much more tightly than PS lipid.6   
Herein, the effect of PE lipids on the binding of the 7 GLA containing proteins of the blood 
coagulation cascade was determined. While PS lipids are necessary for the activation of clotting 
protein, they constitute only ~12% of the phospholipid content of the plasma membrane.8  Due to 
the fact that PE is one of the most abundant phospholipids in the membrane, it has the potential to 
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play a significant supporting role to PS lipids in clotting protein binding and activation. To 
determine the equilibrium dissociation constants, Kd’s, of fVIIa, fIX, fX, PT, APC, PrS, and PrZ, 
titrations of each protein run across arrays of spotted nanodiscs were analyzed using silicon 
photonic microring resonators. This technique (developed and discussed in chapter 2) allowed for 
analysis of the binding to 9 different nanodiscs simultaneously. The 9 lipid compositions chosen 
were 4 binary mixtures of PC and PS  (10, 25, 40, and 50% PS), 1 binary mixture of PC and PE 
(50% PE), and 3 ternary mixtures of PC, PE, and PS (10/40, 25/25, and 40/10% PE/PS). Figure 
3.1 includes a schematic of the sensor chips showing how the nanodiscs were arrayed. 
Figure 3.2 shows a typical titration and determination of Kd for fVIIa (Figures 3.3-3.8 show 
the titrations and analysis of fIX, fX, PT, APC, PrS, and PrZ, respectively). To obtain the titration, 
fVIIa was flowed across the surface of the sensor chip in increasing concentrations and the shift 
in the resonant wavelength was monitored in real time. At each concentration, the binding was 
allowed to reach equilibrium. At the end of the run, HEPES(-) was flowed across the surface to 
remove all bound protein, allowing the next protein titration to be run on the same sensor chip. 
The 100% PC lipid nanodiscs were used as a control as GLA-domains do not specifically bind to 
PC-nanodiscs. For data analysis, the minimal binding of fVIIa to the PC-nanodisc functionalized 
rings was subtracted to correct for any nonspecific binding. For fVIIa, fIX, APC, PrS, and PrZ 
there is more significant ring spreading as the buffer switches from HEPES(-) to HEPES at the 
beginning of the run. This is most likely due to the 0.2% BSA in the running buffer, which appears 
to interact variably with the different lipid compositions (See Figure 3.2-3.7). Due to the increased 
ring spread, the data of all runs were baseline corrected to zero at 10 min, the end of the HEPES 
buffer rinse step and the start of protein binding, before further analysis. The maximum shift at 
each step of the titration was plotted as a function of fVIIa concentration and is shown in Figure 
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3.2b. With the maximum shift for each lipid composition plotted versus protein concentration, the 
data could be fit to the single site binding model to determine Kd. The single-site binding model is 
described by the following equation: 
∆𝑝𝑚 = (𝐵𝑚𝑎𝑥 ∗ 𝑥)/(𝐾𝐷 + 𝑥) 
where x is the concentration of protein, Bmax is the maximum binding shift, and Kd is the 
equilibrium dissociation constant.  
The Kd values determined for fVIIa, fIX, fX, PT, APC, PrS, and PrZ are shown in figures 
3.3A-G and are listed in Table 3.1. PE has the largest effect on the binding of fVIIa and PrZ. It 
was not possible to determine Kd values for 10% PS for fVIIa and the large error associated with 
fVIIa-25% PS binding and PrZ-10 and 25% PS binding are due in part to very low binding shifts 
obtained in the titrations. When the PS+PE content was increased to 50% with PE lipids, it was 
possible to obtain Kd values. PrZ binding to 25% PS/25% PE nanodiscs had a Kd value that was 
significantly lower than the Kd of PrZ binding to 50% PS nanodiscs. In the case of fVIIa, the Kd 
value of fVIIa binding to 25%PS/25%PE was statistically the same as the Kd of fVIIa binding to 
50% PS nanodisc. The Kd values of fIX binding to 10% PS/40% PE and 25% PS/25% PE nanodiscs 
were reduced ~50% as compared to fIX binding to 10% PS and 25% PS nanodiscs, but all Kd 
values of fIX binding to discs with PS/PE mixture were significantly higher than the Kd values of 
fIX binding to nanodisc containing 40% and 50% PS lipids. Comparing the values of Kd of fX 
binding, Kd of 25% PS/25% PE is ~80% lower than the Kd of fX binding to 25% PS nanodiscs and 
not statistically different from fX binding to 50% PS nanodiscs. PT has also sees the largest 
decrease in Kd values (~90%) when comparing PT binding 25% PS/25% PE nanodiscs to PT 
binding 25% PS nanodiscs and the Kd of PT- 25% PS/ 25% PE is significantly lower than the Kd 
of PT binding to 50% PS nanodiscs. The Kd of APC binding to 10% PS/40% PE nanodisc was 
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~80% lower than the Kd of APC binding to 10% PS nanodiscs but Kd values were not significantly 
different when comparing binding at other ratios of PS to PE. Finally, with PrS we see that the Kd 
of PrS binding to 10% PS/40% PE is ~80% lower than the Kd of PrS binding to 10% PS nanodisc 
but it is not until the nanodisc mixture is 40% PS/ 10% PE that the Kd values become statistically 
no different from the Kd of PrS binding to 50% PS nanodiscs. 
The data collected from the binding titrations of the 7 GLA containing clotting proteins 
clearly shows that inclusion of PE lipids reduces the concentration of PS lipids needed for optimal 
binding. This work complements a previous studies1-4 that examined the synergistic effect of PE 
lipids to support activity of clotting proteins. The correlation of Kd values with the activity suggests 
that PE will be able to synergize with PS to improve the activity of the other clotting proteins under 
conditions of low PS content.  While PE affected the binding of all the proteins within this study, 
the effects varied significantly. Since the protein’s ability to bind to the membrane surface plays a 
key role in its activity, it is possible that differences in binding synergy will be mirrored in protein 
activity studies.  
3.5 Conclusion 
This is the first work, to our knowledge, examining the binding synergy of PS and PE for 
fVIIa, fIX, fX, PT, APC, PrS, and PrZ under the same conditions, and all but APC on the same 
nanodisc array.   Taking advantage of the multiplexing capabilities of the silicon photonic 
microring resonator system and the GLA domain’s calcium dependent binding, it was possible to 
determine the Kd values of each protein to all 9 lipid compositions in a single run. While the GLA 
domain is a common membrane binding region of proteins within the coagulation cascade, there 
are other proteins which also bind to the membrane through GLA domains such as Matrix GLA 
protein and Growth Arrest-specific protein 6. In future work, we would like to examine the binding 
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of these other GLA containing proteins to see if their binding is also influence by PE and if so, 
how strongly.   
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3.6 Figures and Tables 
 
 
Figure 3.1: Sensor Chip Layout 
A) The layout of the sensor chip used to run fVIIa, fIX, fX, PrS, and PrZ titrations. B) The layout 
of the sensor chip used to run the APC titration. The orange rings are the temperature control rings, 
yellow rings are the leak sensors, light blue rings are spotted with 50% PE nanodiscs, bright pink 
rings are spotted with 10% PS nanodiscs, light pink rings are spotted with 10% PS 40% PE 
nanodiscs, dark purple  rings are spotted with 25% PS nanodiscs, light purple rings are spotted 
with 25% PS 25% PE nanodiscs, dark green rings are spotted with 40% PS nanodiscs, light green 
rings are spotted with 40% PS 10% PE nanodiscs, dark blue rings are spotted with 50% PS 
nanodiscs, and black rings are spotted with 100% PC nanodiscs.  
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Figure 3.2: Determination of fVIIa Kd values 
The determination of 8 different Kd values of fVIIa binding to nanodiscs of 10% POPS + 90% 
POPC (bright pink), 10% POPS + 40% DOPE + 50% POPC (light pink), 25% POPS + 75% POPC 
(dark purple), 25% POPS + 25% DOPE + 50% POPC (light purple), 40% POPS + 60% POPC 
(dark green), 40% POPS + 10% DOPE + 50% POPC (light green), 50% POPS + 50% POPC (dark 
blue), and 50% DOPE + 50% POPC (light blue). 100% POPC nanodiscs (grey) were used as a 
control. In A and B the dashed lines indicate the addition of a new concentration of protein of 
interest, the *marks the transition to HEPES buffer, and ** marks the transition to HEPES (-) A) 
Typical fVIIa titration run at 5 μL/min with 0.2% BSA in the running buffer. The titration started 
with a buffer rinse of 5 min HEPES (-) and 5 min HEPES was followed by 15 min 100 nM fVIIa, 
15 min 500 nM fVIIa, 10 min 1000 nM fVIIa, 5 min 2000 nM fVIIa, and 5 min 4000 nM fVIIa. 
The end of the titration was a 10 min HEPES buffer rinse followed by 5 min HEPES (-) to remove 
the bound fVIIa. B) The fVIIa titration controlled for non-specific binding by subtraction of 
binding to 100% PC nanodiscs and baseline corrected to 0 at time = 10 min. C) Max shift of fVIIa 
binding plotted as a function of fVIIa concentration and fit to equation 1. Each fVIIa-nanodisc data 
set was collected from at least n=8 rings in a single titration.  
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Figure 3.3: Determination of fIX Kd values 
The determination of 8 different Kd values of fIX binding to nanodiscs of 10% POPS + 90% POPC 
(bright pink), 10% POPS + 40% DOPE + 50% POPC (light pink), 25% POPS + 75% POPC (dark 
purple), 25% POPS + 25% DOPE + 50% POPC (light purple), 40% POPS + 60% POPC (dark 
green), 40% POPS + 10% DOPE + 50% POPC (light green), 50% POPS + 50% POPC (dark blue), 
and 50% DOPE + 50% POPC (light blue). 100% POPC nanodiscs (grey) were used as a control. 
In A and B the dashed lines indicate the addition of a new concentration of protein of interest, the 
*marks the transition to HEPES buffer, and ** marks the transition to HEPES (-)A) Typical fIX 
titration run at 10 μL/min with 0.2% BSA in the running buffer. The titration started with a buffer 
rinse of 5 min HEPES (-) and 5 min HEPES was followed by 10 min  of 5 nM fIX, 10 nM fIX, 25 
nM fIX, 50 nM fIX, 100 nM fIX, 300 nM fIX, 500 nM fIX, 1000 nM fIX, and 2000 nM fIX. The 
end of the titration was a 10 min HEPES buffer rinse followed by 5 min HEPES (-) to remove the 
bound fIX. B) The fIX titration controlled for non-specific binding by subtraction of binding to 
100% PC nanodiscs and baseline corrected to 0 at time = 10 min. C) Max shift of fIX binding 
plotted as a function of fIX concentration and fit to equation 1. Each fIX-nanodisc data set was 
collected from at least n=8 rings in a single titration. 
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Figure 3.4: Determination of fX Kd values 
The determination of 8 different Kd values of fX binding to nanodiscs of 10% POPS + 90% POPC 
(bright pink), 10% POPS + 40% DOPE + 50% POPC (light pink), 25% POPS + 75% POPC (dark 
purple), 25% POPS + 25% DOPE + 50% POPC (light purple), 40% POPS + 60% POPC (dark 
green), 40% POPS + 10% DOPE + 50% POPC (light green), 50% POPS + 50% POPC (dark blue), 
and 50% DOPE + 50% POPC (light blue). 100% POPC nanodiscs (grey) were used as a control. 
In A and B the dashed lines indicate the addition of a new concentration of protein of interest, the 
*marks the transition to HEPES buffer, and ** marks the transition to HEPES (-) A) Typical fX 
titration run at 10 μL/min. The titration started with a buffer rinse of 5 min HEPES (-) and 5 min 
HEPES was followed by 10 min  of 1 nM fX, 2 nM fX, 5 nM fX, and 10 nM fX. Then 5 min of 
25 nM fX, 50 nM fX, 100 nM fX, 300 nM fX, 500 nM fX, 1000 nM fX, 2000 nM fX, and 4000 
nM fX. The end of the titration was a 10 min HEPES buffer rinse followed by 5 min HEPES (-) to 
remove the bound fX. B) The fX titration controlled for non-specific binding by subtraction of 
binding to 100% PC nanodiscS. C) Max shift of fX binding plotted as a function of fX 
concentration and fit to equation 1. Each fX-nanodisc data set was collected from at least n=8 rings 
in a single titration. 
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Figure 3.5: Determination of PT Kd values 
The determination of 8 different Kd values of PT binding to nanodiscs of 10% POPS + 90% POPC 
(bright pink), 10% POPS + 40% DOPE + 50% POPC (light pink), 25% POPS + 75% POPC (dark 
purple), 25% POPS + 25% DOPE + 50% POPC (light purple), 40% POPS + 60% POPC (dark 
green), 40% POPS + 10% DOPE + 50% POPC (light green), 50% POPS + 50% POPC (dark blue), 
and 50% DOPE + 50% POPC (light blue). 100% POPC nanodiscs (grey) were used as a control. 
In A and B the dashed lines indicate the addition of a new concentration of protein of interest, the 
*marks the transition to HEPES buffer, and ** marks the transition to HEPES (-) A) Typical PT 
titration run at 10 μL/min. The titration started with a buffer rinse of 5 min HEPES (-) and 5 min 
HEPES was followed by 10 min of 2 nM PT, 5 nM PT, and 10 nM PT. Then 5 min of 25 nM PT, 
50 nM PT, 100 nM PT, 300 nM PT, 500 nM PT, 1000 nM PT, and 2000 nM PT. The end of the 
titration was a 10 min HEPES buffer rinse followed by 10 min HEPES (-) to remove the bound 
PT. B) The PT titration controlled for non-specific binding by subtraction of binding to 100% PC 
nanodiscs and baseline corrected to 0 at time = 10 min. C) Max shift of PT binding plotted as a 
function of PT concentration and fit to equation 1. Each PT-nanodisc data set was collected from 
at least n=8 rings in a single titration. 
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Figure 3.6: Determination of APC Kd values 
The determination of 8 different Kd values of APC binding to nanodiscs of 10% POPS + 90% 
POPC (bright pink), 10% POPS + 40% DOPE + 50% POPC (light pink), 25% POPS + 75% POPC 
(dark purple), 25% POPS + 25% DOPE + 50% POPC (light purple), 40% POPS + 60% POPC 
(dark green), 40% POPS + 10% DOPE + 50% POPC (light green), 50% POPS + 50% POPC (dark 
blue), and 50% DOPE + 50% POPC (light blue). 100% POPC nanodiscs (grey) were used as a 
control. In A and B the dashed lines indicate the addition of a new concentration of protein of 
interest, the *marks the transition to HEPES buffer, and ** marks the transition to HEPES (-) A) 
Typical APC titration run at 5 μL/min with 0.2% BSA in the running buffer. The titration started 
with a buffer rinse of 5 min HEPES (-) and 5 min HEPES was followed by 30 min 10 nM APC 
then 10 min of 50 nM APC, 100 nM APC, and 500 nM APC. 4 min of 1000 nM APC, 2000 nM 
APC, and 4000 nM APC. The end of the titration was a 10 min HEPES buffer rinse followed by 
10 min HEPES (-) to remove the bound APC. B) The APC titration controlled for non-specific 
binding by subtraction of binding to 100% PC nanodiscs and baseline corrected to 0 at time = 10 
min. C) Max shift of APC binding plotted as a function of APC concentration and fit to equation 
1. Each APC-nanodisc data set was collected from at least n=8 rings in a single titration.  
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Figure 3.7: Determination of PrS Kd values 
The determination of 8 different Kd values of PrS binding to nanodiscs of 10% POPS + 90% POPC 
(bright pink), 10% POPS + 40% DOPE + 50% POPC (light pink), 25% POPS + 75% POPC (dark 
purple), 25% POPS + 25% DOPE + 50% POPC (light purple), 40% POPS + 60% POPC (dark 
green), 40% POPS + 10% DOPE + 50% POPC (light green), 50% POPS + 50% POPC (dark blue), 
and 50% DOPE + 50% POPC (light blue). 100% POPC nanodiscs (grey) were used as a control. 
In A and B the dashed lines indicate the addition of a new concentration of protein of interest, the 
*marks the transition to HEPES buffer, and ** marks the transition to HEPES (-) A) Typical PrS 
titration run at 10 μL/min with 0.2% BSA in the running buffer. The titration started with a buffer 
rinse of 5 min HEPES (-) and 5 min HEPES was followed by 10 min of 2 nM PrS, 5 nM PrS, and 
10 nM PrS. The 30 min of 25 nM PrS, 20 min of 50 nM PrS and 100 nM PrS. The end of the 
titration was a 10 min HEPES buffer rinse followed by 10 min HEPES (-) to remove the bound 
PrS. B) The PrS titration controlled for non-specific binding by subtraction of binding to 100% PC 
nanodiscs and baseline corrected to 0 at time = 10 min. C) Max shift of PrS binding plotted as a 
function of PrS concentration and fit to equation 1. Each PrS-nanodisc data set was collected from 
at least n=8 rings in a single titration. 
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Figure 3.8: Determination of PrZ Kd values 
The determination of 8 different Kd values of PrZ binding to nanodiscs of 10% POPS + 90% POPC 
(bright pink), 10% POPS + 40% DOPE + 50% POPC (light pink), 25% POPS + 75% POPC (dark 
purple), 25% POPS + 25% DOPE + 50% POPC (light purple), 40% POPS + 60% POPC (dark 
green), 40% POPS + 10% DOPE + 50% POPC (light green), 50% POPS + 50% POPC (dark blue), 
and 50% DOPE + 50% POPC (light blue). 100% POPC nanodiscs (grey) were used as a control. 
In A and B the dashed lines indicate the addition of a new concentration of protein of interest, the 
*marks the transition to HEPES buffer, and ** marks the transition to HEPES (-) A) Typical PrZ 
titration run at 10 μL/min with 0.2% BSA in the running buffer. The titration started with a buffer 
rinse of 5 min HEPES (-) and 5 min HEPES was followed by 10 min of 50 nM PrZ and 100 nM 
PrZ. Next 5 min of 300 nM PrZ, 500 Nm PrZ, 1000 nM PrZ, 2000 nM PrZ, and 4000 nM PrZ. 
The end of the titration was a 10 min HEPES buffer rinse followed by 10 min HEPES (-) to remove 
the bound PrZ. B) The PrZ titration controlled for non-specific binding by subtraction of binding 
to 100% PC nanodiscs and baseline corrected to 0 at time = 10 min. C) Max shift of PrZ binding 
plotted as a function of PrZ concentration and fit to equation 1. Each PrZ-nanodisc data set was 
collected from at least n=8 rings in a single titration. 
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Figure 3.9: Kd values plotted as a function of POPS content of the nanodiscs 
Blue lines are Kd values for nanodiscs with mixtures POPS and POPC only. The orange lines are 
Kd values for nanodiscs with POPS, DOPE, and POPC with the total POPS + DOPE content equal 
to 50% of total lipid content of the nanodisc. Kd values of A) fVIIa B) fIX C) fX D) PT E) APC 
F) PrS G) PrZ. Values from at least n=8 in a single titration.  
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Table 3.1: Kd (nM) values of fVIIa, fIX, fX, PT, APC, PrS, and PrZ binding to the nanodiscs 
of 8 different lipid compositions. From at least n=8 in a single detection experiment. 
 
 
  
 
% 
PS 
 
fVIIa-PS 
Nanodiscs 
fVIIa-
PS/PE 
Nanodiscs 
 
fIX-PS 
Nanodiscs 
 
fIX-PS/PE 
Nanodiscs 
 
fX-PS 
Nanodiscs 
 
fX-PS/PE 
Nanodiscs 
0  2100 ± 400  600 ± 200  600 ± 100 
10 n/a 2100 ± 500 1200 ± 100 640 ± 30 370 ± 10 130 ± 10 
25 20000 ± 20000 1800 ± 500 870 ± 100 380 ± 10 250 ± 5 48 ± 6 
40 2800 ± 700 1600 ± 500 226 ± 5 325 ± 20 64 ± 6 39 ± 4 
50 1500 ± 500  260 ± 10  43 ± 6  
       
% 
PS 
PT-PS 
Nanodiscs 
PT-PS/PE 
Nanodiscs 
APC-PS 
Nanodiscs 
APC-PS/PE 
Nanodiscs 
PrS-PS 
Nanodiscs 
PrS-PS/PE 
Nanodiscs 
0  670 ± 70  700 ± 200  190 ± 80 
10 1100 ± 100 220 ± 10 3700 ± 900 600 ± 100 700 ± 800 120 ± 60 
25 740 ± 50 98 ± 6 400 ± 200 400 ± 100 200 ± 100 80 ± 30 
40 200 ± 10 100 ± 5 700 ± 200 670 ± 60 80 ± 40 60 ± 30 
50 130 ± 6  200 ± 60  50 ± 20  
       
 
% 
PS 
 
PrZ-PS 
Nanodiscs 
PrZ-
PS/PE 
Nanodiscs 
    
0  n/a     
10 10000 ± 20000 2600 ± 900     
25 8000 ± 7000 1300 ± 300     
40 1900 ± 500 1200 ± 200     
50 1600 ± 300      
65 
 
3.7 References 
 (1) Neuenschwander, P. F.; Bianco-Fisher, E.; Rezaie, A. R.; Morrissey, J. H. Biochemistry 
1995, 34, 13988. 
 (2) Tavoosi, N.; Davis-Harrison, R. L.; Pogorelov, T. V.; Ohkubo, Y. Z.; Arcario, M. J.; 
Clay, M. C.; Rienstra, C. M.; Tajkhorshid, E.; Morrissey, J. H. Journal of Biological 
Chemistry 2011, 286, 23247. 
 (3) Smeets, E. F.; Comfurius, P.; Bevers, E. M.; Zwaal, R. F. Thrombosis Research 1996, 
81, 419. 
 (4) Smirnov, M. D.; Esmon, C. T. Journal of Biological Chemistry 1994, 269, 816. 
 (5) Shaw, A. W.; Pureza, V. S.; Sligar, S. G.; Morrissey, J. H. Journal of Biological 
Chemistry 2007, 282, 6556. 
 (6) Tavoosi, N.; Smith, S. A.; Davis-Harrison, R. L.; Morrissey, J. H. Biochemistry 2013, 
52, 5545. 
 (7) Zwaal, R. F.; Comfurius, P.; Bevers, E. M. Biochimica et Biophysica Acta 1998, 1376, 
433. 
 (8) Leventis, P. A.; Grinstein, S. Annual Review of Biophysics 2010, 39, 407. 
 (9) Marty, M. T.; Zhang, H.; Cui, W.; Blankenship, R. E.; Gross, M. L.; Sligar, S. G. 
Analytical Chemistry 2012, 84, 8957. 
 (10) Denisov, I. G.; Grinkova, Y. V.; Lazarides, A. A.; Sligar, S. G. Journal of the American 
Chemical Society 2004, 126, 3477. 
 (11) Sloan, C. D.; Marty, M. T.; Sligar, S. G.; Bailey, R. C. Analytical Chemistry 2013, 85, 
2970. 
 (12) Wade, J. H.; Alsop, A. T.; Vertin, N. R.; Yang, H.; Johnson, M. D.; Bailey, R. C. ACS 
Central Science 2015, 1, 374. 
 (13) Washburn, A. L.; Shia, W. W.; Lenkeit, K. A.; Lee, S. H.; Bailey, R. C. Analyst 2016, 
141, 5358. 
 (14) Byeon, J. Y.; Bailey, R. C. Analyst 2011, 136, 3430. 
 (15) Qavi, A. J.; Mysz, T. M.; Bailey, R. C. Analytical Chemistry 2011, 83, 6827. 
 (16) Bayburt, T. H.; Sligar, S. G. FEBS Letters 2010, 584, 1721. 
 (17) Bayburt, T. H.; Grinkova, Y. V.; Sligar, S. G. Nano Letters 2002, 2, 853. 
 (18) Iqbal, M.; Gleeson, M. A.; Spaugh, B.; Tybor, F.; Gunn, W. G.; Hochberg, M.; Baehr-
Jones, T.; Bailey, R. C.; Gunn, L. C. IEEE Journal of Selected Topics in Quantum 
Electronics 2010, 16, 654. 
 
66 
 
Chapter 4 
Development of Nanodisc Arrays on Silicon Photonic Microring 
Resonators via Antibody and DNA Attachment Schemes 
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4.1 Abstract 
Parsing out the key elements of soluble proteins interacting with the cell membrane is a 
time consuming and complicated process. The cell membrane is a mosaic of different lipids, 
proteins, and small molecules, all of which can influence the binding and activity of proteins that 
interact with them. Previously, our lab developed a method for interfacing nanodiscs with silicon 
photonic microring resonators for high throughput analysis of protein-membrane and protein-
membrane protein interactions. This work was accomplished by manually spotting nanodiscs onto 
the surface of the sensor chips and allowing them to physisorb. Herein, we expand the toolkit for 
nanodisc attachment, creating arrays through antibody and DNA attachment. These new methods 
of attachment allow us to monitor nanodisc loading in real time while retaining multiplexing 
capabilities and to orient the nanodiscs so that they are more accessible to proteins in solution.  
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4.2 Introduction 
There are many challenges when determining protein-membrane and protein-membrane 
protein binding constants. One of the toughest challenges is solubilizing membrane proteins while 
retaining their activity in a membrane-like environment. Great strides have been made in the 
development of techniques for meeting this challenge, including systems utilizing liposomes, 
supported lipid bilayers,1 and nanodiscs.2 A key hurdle now is to integrate bilayer mimics with 
existing technologies to create a high throughput method for analyzing interactions that occur at 
the membrane surface. Nanodiscs are nano-scale, discoidal lipid bilayers held together by two 
amphipathic helical proteins, termed Membrane Scaffold Proteins (MSP).2,3 The MSP, which acts 
as a belt around the lipid tails of the bilayer, is an excellent handle for attachment. MSP has been 
expressed with protein tags such as 6X HIS or an exposed cysteine residue which can be used to 
covalently link chemical probes. HIS-tagged nanodiscs have been used previously to attach 
nanodiscs to Ni-NTA or HIS tag antibody modified surfaces of Surface Plasmon Resonance (SPR) 
sensor chips.4,5 SPR in conjunction with nanodiscs has been used to determine Kd values for 
protein-lipid interactions but the ability to multiplex on an SPR chip is limited to 4 different types 
of nanodiscs.6-8 Our work integrating nanodiscs with silicon photonic microring resonators has 
shown great potential for improving nanodisc multiplexing.  
The primary goal of integrating nanodiscs with the silicon photon microring resonator 
system was to assemble a toolbox of techniques for creating arrays of nanodiscs for high 
throughput analysis of protein-membrane and protein-membrane protein interactions. Silicon 
photonic microring resonators have 128 individually addressable rings, laid out in clusters of 4,9 
which allows for binding interactions with up to 32 different types of nanodiscs to be analyzed in 
a single run. As described in chapters 2 and 3, we took advantage of the nanodiscs’ ability to 
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physisorb to the silicon oxide surface of the sensor chip to array nanodiscs by manual spotting. 
Physisorption has some key benefits; neither the nanodiscs nor the sensor chip surface require any 
modification, which saves both time and reagents. With this approach very small quantities of 
nanodiscs were needed (≤0.2 μL per chip of a 0.5-10 μM solution, depending on the type of 
nanodisc).   
While spotted arrays offer numerous advantages, there are a number of shortcomings that 
arise when nanodiscs are not loaded on the sensor chips fluidically. When manually spotted, there 
is no way to know the amount of nanodiscs that adsorbs to the surface. This is because nanodiscs 
of different lipid compositions will have variable loading depending on the charge of the head 
groups. In previous work in which fluidic loading of nanodiscs was monitored in real time, 
nanodiscs with a higher negatively charged lipid content were observed to bind less tightly to the 
negatively charged silicon oxide surface of the sensor chip.10 While in most cases this does not 
affect determination of the protein-lipid equilibrium constant, Kd, it is impossible to determine an 
accurate Kd when protein binding is too low.  This can be frustrating when studying binding to 
highly negatively charged nanodiscs where it can be unclear whether poor binding of proteins 
comes from a high protein-lipid Kd or low loading of the nanodiscs to the sensor ring surface. In 
addition, physisorption of unmodified nanodiscs allows no control over orientation. When 
studying binding to a membrane protein, it is important that it is accessible.  Through 
physisorption, the nanodisc could adsorb to the surface in a way that allows the extracellular face 
of the protein to be pointing up into solution or down onto the chip so that access is blocked. An 
ideal system would have all membrane proteins available for binding. 
We analyzed two different attachment strategies for forming nanodisc arrays on silicon 
photonic microring resonator sensor chips, antibody-recognition and complimentary DNA 
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attachment. Both schemes offer potential alternatives to physisorption of nanodiscs. In each case, 
nanodisc loading can be monitored in real time and has the potential to promote an orientation 
where the nanodiscs are more accessible to the proteins in solution. Both antibodies and DNA will 
raise the nanodiscs away from the chip surface, making it less likely that the membrane protein of 
interest is adsorbed face down and more likely perpendicular to the surface. Antibody arrays have 
been extensively used in the Bailey lab for detection of biomolecules of interest11-13 and a method 
for DNA attachment of antibodies to the sensor chip has also been developed.14 Applying the basic 
principles of these techniques, it was possible to create methods for antibody and DNA attachment 
of nanodiscs. 
 4.3 Materials and Methods 
Materials. 3-aminopropyltriethoxysilane (APTES), bis[sulfosuccinimidyl] suberate (BS3), 
StartingBlock blocking buffer, PEGylated succinimidyl 4-(N-maleimidomethyl)cyclohexane-1-
carboxylate (SM(PEG)2), and m-maleimidobenzoyl-N-hydroxysuccinimide ester (MBS) were 
purchased from ThermoFisher Scientific (Hanover Park, IL). DryCoat assay stabilization reagent 
was purchased from Virusys (Taneytown MD). Custom DNA oligonucleotides were synthesized 
by Integrated DNA technologies (Coralville, IA) (See Table 1 for sequences). 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC), and 1-palmitoyl-2-oleoyl-sn-glycero-2-
phosphoserine POPS were purchased from Avanti Polar Lipids (Alabaster, AL). MSP1D1 was 
expressed in E. coli and purified as described previously.2,3 MSP1D1_D73C (asparagine 73 
replaced with a cysteine) was expressed in E. coli and purified as described previously.15,16 Human 
factor X (fX) was purchased from Enzyme Research Laboratories. FLEX chips, modified with 
anti-fluorescein, anti-6xHIS, NeutrAvidin, Anti-DIG, Anti-PEG, and Anti-Hu Fc Fab’2 were 
purchased from Genalyte, Inc. (San Diego, CA).  Mouse mAB, DYKDDDDK tag antibody (Anti-
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Flag) and rabbit pAB, protein C-Tag antibody (Anti-H4PC) were purchased from GenScript 
(Piscataway, NJ). Rabbit IgG, tetramethylrhodamine antibody (Anti-TMR) was purchased from 
Invitrogen (Carlsbad, CA). Recombinant human membrane anchored Tissue Factor was expressed 
in Escherichia coli and generously provided by the Morrissey lab (UIUC). Annexin V, Amberlite 
XAD-2 hydrophobic beads and all other chemicals were purchased from Sigma-Aldrich and used 
as received unless otherwise noted. Buffers were prepared with 18.2 MΩ deionized water and 
sterile filtered prior to use.   
Solution Preparation. MBS and SM(PEG)2 were dissolved in dry DMSO. DNA capture 
probes and antibody solutions were made in a 10 mM PBS, pH 7.4 buffer (made using Dulbecco’s 
Phosphate Buffered Saline powder). DNA tags were dissolved in 10 mM PBS-8 buffer (10 mM 
PBS, 3 mM EDTA, pH 8). The DNA-linker conjugation reaction proceeded in 10 mM PBS-8 
buffer. The reaction linking DNA to MSP1D1 D73C proceeded in 10 mM PBS-6.5 (10 mM PBS, 
3 mM EDTA, pH 6.5).  Nanodisc solutions were prepared in a TBS buffer (20 mM Tris-HCl, 100 
mM NaCl, and 0.01% (w/v) NaN3, pH 7.4). FX solutions were prepared in a HEPES buffer (10 
mM HEPES, 150 mM NaCl, 50 μM EDTA, 2.5 mM CaCl, 0.1% (w/v) PEG 8000, pH 7.4). The 
HEPES rinse buffer (HEPES(-)) for surface regeneration was made without CaCl2. Annexin V 
solutions were made in TBS(+) (10 mM Tris-HCl, 100 mM NaCl, 0.01% (w/v) NaN3, and 2.5 mM 
CaCl2, pH 7.4). 
DNA Linked MSP Procedure. For each DNA tag, a 6 mL solution of 0.1 mM DNA tag, 1 
mM MBS, and 20% DMSO in 10 mM PBS-8 was made and rotated on the Belly DancerTM at room 
temperature for 30 min. Vivaspin 5000 molecular weight cutoff columns were then used to 
exchange the buffer for 10 mM PBS-6.5 and to reduce the volume to less than 500 μL. During 
DNA preparation, N2 was bubbled through 10 mM PBS-6.5 buffer and a solution of 
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MSPD1_D73C in 10 mM PBS-6.5 prepared. 15 min prior to use, Tris(2-carboxyethyl)phosphine 
hydrochloride (TCEP) was added so that the final concentration was 5X that of the MSP. When 
ready, the DNA and MSP were mixed so that the final concentrations were 600 μM DNA and 60 
μM MSP. Note: it is important that the linking of DNA to MSP is conducted with the concentration 
of MSP between 50 μM and 100 μM; at lower concentrations the yield is substantially reduced. 
The mixture was incubated on the Belly DancerTM for at least 30 min. The final solution can be 
stored at 4⁰C. Labeling reaction success and efficiency were evaluated using an SDS-PAGE gel. 
An example gel is shown is Figure 4.2. The concentration was determined using the Qubit® 
Protein Assay Kit. 
Nanodisc preparation and purification. The preparation and purification of nanodiscs has 
been described previously.2,3 In brief, lipids dissolved in chloroform were measured into test tubes 
at the appropriate ratios and dried under N2 gas. The test tubes were then moved to a vacuum 
desiccator and dried further for 4 hours. TBS buffer and 100 mM deoxycholate were added to the 
lipids so that the final ratio of deoxycholate:lipid was 2:1. The lipids were then vortexed and 
sonicated until the lipids were fully dissolved. A solution of the dissolved lipids and MSP were 
mixed in a ratio of 70:1 and actively mixed at room temperature for 1 hr. Approximately the 
volume of 50% of the MSP/lipid mixture of Amberlite XAD-2 hydrophobic beads was added to 
the lipid/MSP mixture and actively mixed for 4 hr. The beads were filtered out of solution using a 
0.22 μm syringe filter. The nanodiscs were purified by size exclusion chromatography.   
Silicon photonic microring resonators. The Maverick M1 optical scanning instrumentation 
and microring resonator sensor chips were purchased from Genalyte, Inc. (San Diego, CA). The 
operation of the instrumentation has been previously described.17 The sensor chips were each 4 
mm X 5 mm sensor chips and contained 128, 30 μm diameter active sensor microrings grouped 
72 
 
into sets of four, plus four temperature control microrings and two dedicated to detecting leaks 
from the microfluidic gasket positioned atop the sensor chip during micoring detection 
experiments. 
Sensor Chip Array Functionalization. New sensor chips were rotated on the Belly 
DancerTM for 2 min in acetone, 4 min in freshly made 5% APTES in acetone, 2 min in a new vial 
of acetone, and 2 min in isopropanol. The chips were then dried with N2 gas. 20 μL of BS3 solution 
(2 mg BS3 diluted in 700 μL 2 mM acetic acid immediately prior to use) was spotted onto each 
senor chip and allowed to sit for 3 min. The BS3 solution was then removed and the chip was dried 
with N2 gas. Chips were then spotted with 100-200 nL of each type of antibody or DNA capture 
probe desired. Antibodies were spotted at 100 μg/mL and DNA was spotted at 100 μM. Note: for 
the best results, spotting should be completed within 20 min of treating the sensor chip with BS3. 
After spotting, the sensor chips were moved to a makeshift humidity chamber and allowed to 
incubate in ambient conditions for 1 hour. The sensor chips were then placed in Starting Block and 
blocked for 1 hour. After blocking, 100 μL of DryCoat was pipetted over each chip 3-5 times, the 
bottoms of the chips were cleaned with a kimwipe, and they were stored in a desiccator at 4 ⁰C.  
Nanodisc Loading and Protein Binding Titrations. Laser cut Mylar gaskets that directed 
fluid flow across the chip were aligned onto the functionalized sensor chips, assembled into a 
Teflon cartridge, and loaded into the sensor scanner instrument. Nanodisc loading: TBS buffer was 
flowed across the surface of the sensor chip at 10 μL/min flow rate for 5 min, each nanodisc was 
flowed across the surface for 5 min followed by a 5 min buffer rinse before the next nanodisc was 
applied. Pre-Protein Binding: 2% BSA in TBS buffer was first flowed across the chip surface at 
10 μL/min to prevent nonspecific binding of proteins. Annexin binding: 5 min TBS buffer rinse, 
5 min TBS(+), 5-10 min 1 μg/mL annexin V, 5 min TBS(+) buffer, and 5 min TBS buffer to 
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remove bound annexin V. All at a 10 μL/min flow rate. FX titration: 5 min HEPES(-), 5 min 
HEPES, then fX was flowed across the chip in increasing concentrations and the response allowed 
to equilibrate before the next solution injection; protein binding was followed by 10 min HEPES 
buffer and then the rest of the fX was released from the surface by flowing HEPES(-) buffer 
solution.  
Data Analysis. Data analysis was performed using software provided by Genalyte, Inc. as 
well as custom scripts written in OriginPro 2016. Sensor traces of nanodisc binding were corrected 
for temperature fluctuations by subtraction of unfunctionalized rings. Sensor traces of protein 
binding were corrected for temperature fluctuations and any residual non-specific binding by 
subtraction of the response of 100% POPC Nanodiscs.  
4.4 Results and Discussion 
Nanodisc attachment via antibodies: Nanodisc attachment was tested on 4 tags. In one set 
of tests, MSP was expressed with a 6X HIS tag or a FLAG tag, and typical binding curves of 
nanodiscs made with each type of MSP are shown in Figure 4.1 A-B. As can be seen in the traces, 
the nanodiscs with small peptide tags showed high non-specific binding. Due to the level of non-
specific binding, it was decided that peptide tags would not work for nanodisc attachment. Non-
specific binding during nanodisc loading would confound any results gathered from protein 
titrations run on the arrays. In the next set of tests, MSP was chemically modified with the small 
molecules fluorescein and tetramethylrhodamine. A typical binding trace is shown in Figure 4.1C. 
The binding in the cases of small molecules showed little to no nonspecific binding. While the 
results with small molecules were quite promising, being unable to use antibodies towards small 
peptide tags was greatly limiting.  
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Nanodisc attachment via DNA: DNA tags used in this study were selected based on their 
melting temperatures from matched pairs previously developed for antibody attachment 
protocols.18 An amine modified DNA was linked to MSP (expressed with an exposed cysteine 
residue at position 73) using a maleamide/hydroxysuccinimide bifunctional linker. Figure 4.2 
shows a gel indicating greater than 50% attachment for all 8 strands of DNA chosen and nanodisc 
formation was unaffected by the 21 base pair linked to the MSP.  
Initial studies of attachment via DNA were very promising. Figure 4.3A shows that 
nanodiscs bound only to the complementary capture probe on the surface of the sensor chip. Once 
bound to the surface, specific binding was tested using annexin V (a phosphatidylserine binding 
protein19) (figure 4.3B). To demonstrate that soluble proteins could more easily access the 
nanodisc surface, annexin V binding to DNA attached nanodiscs was compared with annexin V 
binding to nanodiscs flowed across the surface of a bare chip and allowed to physisorb. Figure 
4.3C shows the nanodisc loading via physisorption and 4.3D annexin V binding. Even though 
~40% more physisorbed nanodiscs containing 50% PS were attached to the sensor surface than 
were attached via DNA, annexin V binding to the DNA attached nanodisc was ~40% greater, 
indicating that DNA attached nanodiscs are oriented in a way that allows soluble proteins greater 
access to the lipid surface. 
Figure 4.4A shows 7 nanodisc populations, each tagged with a different strand of DNA 
that were loaded onto a sensor chip. All but the first nanodisc population to be flowed across the 
surface bound specifically to the complementary DNA capture probe. After blocking, factor X 
(fX) was titrated (Figure 4.4B); fX is a PS binding protein that should show higher binding affinity 
to discs with higher PS content.7 F/L-tagged nanodiscs and G/M-tagged nanodiscs had the same 
PS content (15 and 30% respectively). The only differences between the discs were that F- and G-
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tagged nanodiscs contained a membrane bound tissue factor (TF) and had fewer nanodiscs bound 
to the surface. Subtracting the nonspecific binding (figure 4.4C), fX showed higher binding to L- 
and M-tagged nanodiscs over those tagged with F and G. However, after correcting for nanodisc 
loading the binding of fX to F/L-tagged nanodiscs and G/M-tagged nanodiscs was nearly identical 
(Figure 4.4D). 
Both antibody and DNA attachment offer an alternative to physisorption as a way to create 
arrays of nanodiscs for multiplex analysis of protein-lipid and protein-membrane protein 
interactions. Based on the work presented in this chapter, DNA attachment appears to be the more 
promising avenue. Custom DNA pairs offer the ability to easily create a large number of 
orthogonal pairs with matched Tm’s. Arrays of DNA capture probes are more robust, being less 
susceptible to degradation than antibody arrays when stored under dehydrated conditions. The 
major hurdle of DNA-nanodisc loading is the non-specific binding seen during the first nanodisc 
attachment.  
4.5 Conclusions and Future Directions 
 Initial work has demonstrated that nanodiscs can be assembled with DNA-tagged MSP and 
are able to bind to the complementary DNA strand on the sensor chip surface. With this tool, 
studies of protein-membrane protein interactions can be conducted with a greater control of 
nanodisc loading and orientation. Future work will focus on determining Kd values of more 
complex systems (more subtle interaction differences?) such as the effect of membrane protein 
mutations on soluble protein binding or the influence of lipid composition on protein-membrane 
protein Kd values. 
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4.6 Figures and Tables 
 
Figure 4.1: Nanodisc Attachment via Antibodies 
Nanodisc loading on sensor chips functionalized with antibodies. A) An example of FLAG-tagged 
nanodisc loading on a sensor chip spotted with a DYKDDDDK antibody (Anti-FLAG) (red), 
tetramethylrhodamine antibody (Anti-TMR) (purple), and a protein C-tag antibody (Anti-HPC4). 
TBS buffer was run for 10 minutes prior to addition of FLAG-tag labeled nanodisc, which was 
flowed across the surface of the chip for 10 min at 10 µL/min. B) A typical HIS-tagged nanodisc 
loading. 5 minutes of TBS buffer, 5 minutes of HIS-tagged nanodisc, and 10 minutes of TBS buffer 
rinse.  
 
 
 
 
77 
 
 
Figure 4.2: SDS-PAGE Gel (Credit: Ivan Lenov) 
Gel run to test for DNA modification of MSP1D1_D73C. A) Ladder B) Free MSP1D1_D73C C) 
MSP1D1_D73C + A tag D) MSP1D1_D73C + B tag E) MSP1D1_D73C + F tag F) 
MSP1D1_D73C + G tag G) MSP1D1_D73C + H tag H) MSP1D1_D73C + K tag I) 
MSP1D1_D73C + L tag K) MSP1D1_D73C + M tag. 
 
 A     B      C      D      E       F       G      H      I        J 
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Figure 4.3: Annexin Binding Response to Nanodiscs attached via Physisorption vs DNA 
A) Typical binding of DNA labelled nanodiscs. Using 2-channel, microfluidic gasket A-tagged 
50% PS 50% PC nanodiscs were flowed across channel 1 and channel 2 of the sensor chip, 
respectively. Each channel was labeled with A DNA capture probes (Channel 1 – blue, Channel 2 
– orange) and B DNA capture probes (Channel 1 – pink, Channel 2 – green). B) Annexin V binding 
to the sensor chip whose labeling is shown in panel A. Non-specific binding was corrected for by 
the subtraction of rings labeled with 100% PC nanodiscs. C) Physisorption of 100% PC and 50% 
PS/50% PC nanodiscs onto a bare sensor chip (Channel 1 – purple and Channel 2 – Grey). D) 
Annexin V binding to the sensor chip whose labeling is shown in panel C. Non-specific binding 
was corrected for by subtraction of binding to rings labeled with 100% PC nanodiscs. E) A bar 
graph comparing loading of 50% PS/50% PC nanodiscs with (+) and without (-) a DNA tag and a 
comparison of loading of 1 μg/mL annexin V to nanodiscs attached with (+) and without (-) a 
DNA tag. 
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Figure 4.4: Sequential DNA-tagged Nanodisc Loading.  
A) The sequential binding of 7 differently labeled nanodiscs. They were flowed in the order H-
tagged 100% PC, K-tagged 5% PS 95% PC, L-tagged 15% PS 75% PC, M-tagged 30% PS 70% 
PC, A-tagged 100% PC with imbedded tissue factor (TF), F-tagged 15% PS 75% PC with 
imbedded TF, G-tagged 30% PS 70% PC with imbedded TF. The colors for the DNA capture 
probe labeled rings are as follows: A capture (red), F capture (dark green), G capture (dark blue), 
H capture (grey), K capture (pink), L capture (light green), M capture (dark blue).  B) Factor X 
(fX) titration run on the sensor chip from panel A. fX was run across the surface in increasing 
concentrations and at each step the binding was allowed to reach equilibrium. C) fX titration 
corrected for temperature fluctuations and non-specific binding by subtraction of binding to 100% 
PC nanodiscs. D) 100% PC controlled titration with the binding of fX corrected for the amount of 
nanodisc loading.  
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Table 4.1: The 8 DNA tags which were used to modify MSP1D1_D73C and their 
complementary capture probes. All DNA pairs were selected based on previous work. 
A Tag 5‘NH2C6-AAT CCT GGA GCT AAG TCC GTA 
A Capture 5‘NH2C6-AAA AAA AAA ATA CGG ACT TAG CTC CAG GAT 
B Tag 5‘NH2C6-AGC CTC ATT GAA TCA TGC CTA 
B Capture 5‘NH2C6-AAA AAA AAA ATA GGC ATG ATT CAA TGA GGC 
F Tag 5‘NH2C6-AAT CAG GTA AGG TTC ACG GTA 
F Capture 5‘NH2C6-AAA AAA AAA ATA CCG TGA ACC TTA CCT GAT 
G Tag 5‘NH2C6-AGA GTA GCC TTC CCG AGC ATT 
G Capture 5‘NH2C6-AAA AAA AAA AAT GCT CGG GAA GGC TAC TCT 
H Tag 5‘NH2C6-AAT TGA CCA AAC TGC GGT GCG 
H Capture 5‘NH2C6-AAA AAA AAA ACG CAC CGC AGT TTG GTC AAT 
K Tag 5‘NH2C6- ATA ATC TAA TTC TGG TCG CGG 
K Capture 5‘NH2C6-AAA AAA AAA ACC GCG ACC AGA ATT AGA TTA 
L Tag 5‘NH2C6-AGT GAT TAA GTC TGC TTC GGC 
L Capture 5‘NH2C6-AAA AAA AAA AGC CGA AGC AGA CTT AAT CAC 
M Tag 5‘NH2C6-AGT CGA GGA TTC TGA ACC TGT 
M Capture 5‘NH2C6-AAA AAA AAA AAC AGG TTC AGA ATC CTC GAC 
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Chapter 5 
Future Directions 
 
5.1 Introduction 
Presented within this thesis is my work to develop a high throughput method to analyze 
protein-lipid and protein-membrane protein interactions. Silicon photonic microring resonators 
integrated with nanodiscs offer a uniquely effective tool for such high throughput analyses. With 
this system, Kd and koff values of GLA-containing proteins interacting with nanodiscs of different 
lipid compositions have been collected in a much more efficient manner than has previously been 
accomplished. The ability to array sensor chips with up to 32 different nanodiscs of different 
composition allows for large amount of binding data to be obtained in a single protein titration. 
Now that the use of our techniques to study protein-lipid interactions of the clotting cascade has 
been shown, we would like to apply it to more complicated interactions of the clotting cascade. 
5.2 Multiprotein Interactions of the Blood Coagulation Cascade 
 Many of the reactions in the blood clotting cascade involve 2 or more proteins interacting 
with each other and the membrane surface at the same time including the tissue factor-factor VIIa 
(TFVIIa) complex, which binds to and activates factor X (fX)1 and (fIX)2 or the prothrombinase 
complex of activated factor V (fVa) and activated fX (fXa), which when bound together activate 
prothrombin.3 It is known that the lipid environment affects these reactions4,5 but the binding of 
three proteins coming together on a membrane surface has not been obtained. Figure 5.1 shows 
initial work analyzing the effect of lipid composition on fX binding to the TFVIIa complex and 
figure 5.2 shows initials works analyzing the formation of the fVa-fX complex on nanodiscs of 
different lipid composition. Not only are we interested in exploring the effects of lipid environment 
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on binding but also analyzing the protein residues that can affect binding in the TFVIIa-fX 
complex. Previous work6 has shown that mutations to Lysine 165 and 166 do not affect fVIIa’s 
ability to bind to TF but do affect the complexes ability to activate fX. Based on these results it is 
hypothesized that these residues are important for fX binding to the TFVIIa complex. Using the 
silicon photonic microring resonators multiplex with nanodiscs containing different TF mutant, 
we hope to analyze the effect on fX binding in real time.  
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